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Abstract 
Two field seasons was conducted  to Bahi-Manyoni area in Tanzania. The first one in 2010 
and the second in 2011, both during the end of the dry season. In the study area there was  
gathered samples of water, sediment and rock samples. The result was a good spread of the 
data in the vast area. The samples was analysed for both main and trace elements. The grain 
size distribution was determined for the sediment samples from 2010. A collection of 30 
sediment samples were also anlysed to find the main mineral composition. 
 The object of the study was to find the main water chemistry in the area and the processes 
controlling it. Water quality issus was also addressed. 
The main water chemistry in Bahi-Manyoni area seems to be mainly governed by three 
processes, namely weathering of silicate rocks, dissolution and precipitation, and up-
concentration of solutes.  
Sodium compared to chloride shows that there is an excess of sodium in the system of which 
has not been added by meteoric rain. Sodium is found to be highly correlated with alkalinity 
and the activity diagram for sodium-silicate system shows that the samples are saturated wih 
regards to kaolinite. Weathering of a plagioclase like albite is regarded to be the process 
governing this. 
Magnesium and calcium are following each other when it comes to change in concentration.. 
From the cluster analysis it was evident that sulphate concentration are correlated with 
calcium and magnesium in the shallow wells. None of the water samples in the study area are 
saturated for gypsum, indicating dissolution occurs. The samples are saturated for dolomite, 
calcite, talc and sepiolite. Dolomite and calcite were identified from the sediment samples 
which prove precipitation of these minerals. Ion-exchange is not found to be significant for 
the concentration of magnesium and calcium in the water samples. 
Potassium are weakly correlated with sodium, chloride and EC in the cluster analysis for 
shallow wells. This indicates that potassium are up-concentrated together with these elements, 
but other factors like biological uptake and saturation of the system with regards to 
weathering of K-feldspars and muscovites, depicted by the activity diagrams, limits the 
amount of potassium released into water. 
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Sulphate correlates strongly to sodium, chloride and EC for deep wells while it is correlated 
strongly with calcium and magnesium for shallow wells. This indicates that there are two 
different processes governing the amount of sulphate, with dissolution and precipitation for 
shallow wells and up-concentration in deep wells. 
The concentration of fluoride in the water samples greatly exceeds safe limits with regards to 
adverse health effects. The reason that none of these effects were observed in the field has to 
be addressed in further and more specific studies. 
The concentration of arsenic in the samples seems to be mainly governed by a trend of 
increasing arsenic with increasing EC. Arsenic can also be sorbed onto iron-oxides. This 
sorption is depended upon pH with more arsenic sorbed with lower pH. The high value of 
arsenic found at Chipanga B is most likely due to desorption of arsenic because of high pH 
and anaerob conditions might facilitate this by dissolution of the iron-oxides. 
Uranium is weathered from the granitic basement in the area and transported by water, 
probably sorbed onto apatite or clay minerals suspended in the water. When the speed of the 
water decreases enough or the ephemeral rivers disappears underground, deposition of the 
colloids can occur. The enrichments are clearly seen in radiometric maps over the area, with 
little uranium found in the main river channels, but onto the plains before Bahi Swamp local, 
surficial deposits are seen.  For the deep wells aeromagnetic maps have indicated a correlation 
placement of deep wells and uranium elevated dykes in the area. More studies are needed into 
the reasons for both shallow and deep wells elevated concentrations of uranium before any 
real conclusions can be achieved. 
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1 Introduction: 
Programme for Institutional Transformation, Research and Outreach (PITRO) is financed by 
the Norwegian Agency for Development Cooperation (NORAD) for the period 2009 – 2012.  
PITRO is a joint project between the University of Dar-es-Salaam and the University of Oslo 
(UoO) which has as an overall goal to increase the contribution of the University of Dar es 
Salaam to Tanzania’s efforts to economic growth, reduced poverty and improved social well-
being of Tanzanians through transformation of the education, science and technology sectors. 
This master thesis is part of a research project that focuses on crops, climate change and 
geological hazards in the Bahi-Manyoni area, just east of Dodoma in figure 1. The main goal 
of the thesis is to give an overview of the water chemistry and heavy metals in the area. 
 
Figure 1: Simplified geological map over Tanzania (BGS, 2001) 
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2 Background: 
The United Republic of Tanzania is about 945 000 km
2
 large and situated in East Africa at the 
latitude 1° to 12° South and longitude 29° to 41° East as seen in figures 1 and 2 (URT, 2006). 
In 1988 the population of Tanzania was 23.2 million and it had risen to 34.4 million people in 
2002 (URT, 2011). That gives a growth rate of 2.8 % and thereby an estimated population of 
43.2 million people in 2010. The population density will then be 49 persons per km
2
mainland 
if the growth rate remains steady (URT, 2011). This population is not evenly distributed. The 
highest densities are found in Dar-es-Salaam, the economical centre of the country, the islands 
of Zanzibar and the southern and northern parts of the country (URT, 2011). In many ways it 
reflects the availability of fresh water. The area of Bahi-Manyoni basin has a density of only 
around 30 persons per km
2
, but this is changing. In the Dodoma region and Singida region 
together there is now a population of more than 3.5 million, up from 2.7 million in 2002 
(URT, 2011).  
2.1 Regional Geology: 
The African continent has basement rocks from mainly three periods. A Granite-gneiss-
greenstone rock from the Archean period, strongly deformed metamorphic rocks from mainly 
Proterozoic age, and intrusive magmatic rocks due to rifting in the Phanerozoic age (Fozzard, 
1959; Key, 1992; Maboko, 2000). The main feature in Tanzania is the Tanzanian shield 
belonging to the Archaen period and mainly consisting of granite (Figure 1) (Milne, 1947; 
Spence, 1951; Fozzard, 1959; Key, 1992; Maboko, 2000; Macheyeki et al., 2008; Salminen et 
al., 2008). On the south and eastern side of the shield is the Usagaran belt of Paleoproterozoic 
age (Key, 1992; Mruma, 1995; Macheyeki et al., 2008) formed by accretion on the craton 
when it collided with another, not identified, crustal block (Macheyeki et al., 2008). This belt 
is partly reworked into the metamorphic Mozambique belt, found east of Usagaran belt and to 
the northeast and north of the Tanzanian craton, formed during the Pan-African orogony 
around 650 to 580 million years ago when East and West Gondwana collided (Maboko, 2000; 
Macheyeki et al., 2008). The Ubendian metamorphic rock belt is found on the southwestern 
side of the craton and was formed during the Ubendian orogony in the early Proterozoic 
period (Maboko, 2000; Salminen et al., 2008). The East African Rift goes through Tanzania, 
where it comprises of one large western branch, featured by the lakes Lake Victoria, Lake 
Nyasa and Lake Tanganyika, and one eastern branch, named Gregory Rift after J.W. Gregory 
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who gave out the first summarized publication on the geology of East Africa(Schlüter, 1997), 
which is smaller and composed of three distinct rifts (Figure 1) (Foster et al., 1997; 
Macheyeki et al., 2008). From east to west they are the NW trending Pangani Rift, the N-S 
trending Natron-Manyara-Balangida Rift and the NE trending Eyasi-Wembere Rift (Foster et 
al., 1997). The two last rifts are situated in the internal drainage basin in Tanzania 
(Deocampo, 2005). The Gregory Rift continues from Tanzania through Kenya and ends in the 
middle of the Afar triangle in Ethiopia (Schlüter, 1997; Deocampo, 2005).The volcanic 
activities due to the rifting in the area yielded lavas ranging from basaltic and trachytic  to 
trachyandesitic and carbonitic ashes (Figure 1) (Deocampo, 2005; Vaughn, 2008). Oldoinyo 
Lengai, situated south of Lake Natron, is the only active volcano in the world to yield 
natrocarbonatite lava (Hay, 1978; Vaughn et al., 2008). The alkaline lavas enrich the water 
migrating through their fractures and then the water accumulates in the lakes (Yanda and 
Madulu, 2005). These basins are hydrological restricted so the lakes act as evaporation pans 
(Deocampo, 2005; Yanda and Madulu, 2005). This causes further concentration and the soda 
lakes are developed (Yanda and Madulu, 2005).  
19 
 
3 Drinking water standard 
The World Health Organisation (WHO) has drinking water guidelines for inorganic 
substances in water. The guidelines give values of concentration of a parameter that does not 
result in any significant risk to health over a lifetime of consumption (WHO, 2011). The 
guideline values are achievable through practical treatment approaches, like sandfiltering an 
so on, and also above the detection limit of most instruments in analytical laboratories, like 
ion chromatograph (WHO, 2011). For parameters like uranium, where there is a high degree 
of uncertainty in the toxicology and health aspects, a provisional guideline has been set. The 
value is chosen so that it is above detection limit, that it can be reduced by normal water 
treatment below this concentration and so that no adverse effect on health at this value is 
known (WHO, 2011).  
From the latest standard, four parameters have been selected to study further in this thesis. 
The four parameters are fluoride, arsenic, lead and uranium. The reason for this selection is 
that fluoride and uranium are widespread in the area at a concentration well above WHO 
drinking water standard. The longterm exposure to these two elements can have dire 
consequeces. The two other parameters, arsenic and lead, are not widespread above the limit, 
but the concentration of them are very high in the few wells affected and the consequences of 
longterm exposure do have dire consequences for people. 
3.1 Arsenic 
Arsenic is a highly toxic metalloid of which WHO have set a limit of 10 µg/L (WHO, 2011). 
Arsenic has not been found to be an essential trace element for humans (WHO, 2011). In the 
dataset, two wells have concentration above the guideline value, Lake Chibumagwa with 12.7 
µg/L and the drinking water well Chipanga B with 65.4 µg/L.  
Lake Chibumagwa has an electrical conductance (EC) of 23000 µS/cm and is not used as 
drinking water but people are bathing in it. However there is fish in the lake and these are 
eaten by the people in the area. Arsenic are particulary found in fish, but in which it is mainly 
found in the less toxic state organoarsenical which ingested are more readily eliminated in 
urine than inorganic arsenic (WHO, 2011). 
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The water from Chipanga B drinking water well, is considered fresh with an EC of only 904 
µS/cm. When the content of arsenic in drinking water exceed 10 µg/L, the dominant source of 
intake will be water consumption and not food consumption (WHO, 2011). Inorganic arsenic 
are rapidly absorbed from the gastrointestinal tract (WHO, 2011). In the cells chemical 
reactions take place, metabolism, of which there is a reduction of pentavalent arsenic to 
trivalent arsenic (WHO, 2011). In the second stage of metabolism oxidative methylation of 
trivalent arsenic form monomethylated, dimethylated and trimethylated products. The two 
first products are readily excreted in urine (WHO, 2011). The rate of metabolism varies from 
person to person and thereby also the rate at which arsenic is removed from the body.  
Acute arsenic poisoning are associated by drinking of well water with a very high level of 
arsenic, surpassing 21 mg/L (WHO, 2011). For Chipanga B, the concentration is much lower 
and it is the long term effects that poise danger for people utilizing the water. There have been 
studies conducted that have shown that even an intake of less than 50 µg/L of arsenic by 
drinking water is associated with increased risk of skin and bladder cancer and of arsenic 
related skin lesions, when the exposure is long term (WHO, 2011). Deermal lesions are what 
is most commonly observed, but it needs a minimum exposure time of 5 years to occur 
(WHO, 2011). 
3.2 Lead 
The WHO (2011) guideline value for lead is 10 µg/L. There are one well sampled in the study 
area, Londoni 3, 15/11, which have a concentration above the guideline, 19.7 µg/L, as seen in 
appendix B. This well is not used for drinking water supply yet, but may be developed later. 
The amount of lead in water depends on several factors like pH, temperature, water hardness 
and standing time of water (WHO, 2011). Lead is rarely present in natural waters due to 
dissolution of lead bearing minerals, the main reason for elevated levels are lead contained in 
petrol, pipes and paint in the area (WHO, 2011).  
Lead is upconcentrated in blood and bone structures and poses serieous health risk to both 
adults and children (WHO, 2011). Exposure to lead is associated with impaired fertility and 
adversed pregnancy, cardiovascular diseases, impaired kidney function, high blood pressure 
and neurodevelopmental effects (WHO, 2011).   
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3.3 Uranium 
Uranium occurs naturally in granites and other mineral deposits and is present in the 
environment as a result of leaching from natural deposits, mill tailings, use of phosphate 
fertilizers containing uranium, fuel combustion and emissions from the nuclear industry 
(WHO, 2011). In this study only chemical and not radiological effects of uranium is 
considered. From appendix C it is clear, however, that the levels of radioactive elements are 
quite high some places and exceeds a safe limit of around 16 ppm in unconsolidated materials 
if used for house building (Guri Ganerød, pers. comm. 2011) when it comes to emitting radon 
gases into the house. Therefore and also due to the building techniques used in the area, a 
radon survey should be conducted to see what levels of exposure the people in the area are 
submittet to. Ensuring good air circulation in houses could probably omit the problem with 
radon. 
There is only a provisional guideline of 30 µg/L given by WHO (2011) due to the lack of 
conclusive evidence of the carcinogen effect on humans when exposed to uranium in drinking 
water (WHO, 2011). There is a clear effect on kidneys at much higher exposure 
concentration, levels not given (WHO, 2011). The reason for the provisional guideline being 
set at 30 µg/L, is that below this concentration no evidence of effects have been found (WHO, 
2011). Being that quite a lot of the drinking wells in the area have concentration of uranium 
well exceeding the guideline of WHO (2011), as seen in appendix B, a survey should be 
conducted to find out if there are any effects on the kidney function.   
3.4 Fluoride 
In areas rich in fluoride minerals, the concentration in well water can easily exceed 10 mg/L 
(WHO, 2011). All vegetation contains some fluoride and is often an additional source in 
which levels can exceed the guideline values set by WHO (2011) of 1.5 mg/L.  
A fluoride intake between 0.5-1 mg/L is recommended to strengthen the dental health of a 
population (WHO, 2011). An intake above this value gives an increased risk of fluorosis, both 
dental and in skeleton.  
After oral uptake, water soluble fluoride is easily absorbed from the gastrointestinal tract, 
although this can be reduced by complex formation with aluminum, phosphorus, magnesium 
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and calcium (WHO, 2011). Absorbed fluoride is rapidly distributed in the body where it is 
incorporated into the teeth and bones (WHO, 2011). The risk of dental fluorosis depends on 
the total intake of fluoride by both drinking water and food (WHO, 2011). When drinking 
water contains elevated concentration for fluoride above 3-6 mg/L, skeletal fluorosis, with 
adverse changes in bone structure, can be observed (WHO, 2011). To develop crippling 
skeletal fluorosis a concentration higher than 10 mg/L is needed (WHO, 2011). 
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4 Study area: 
The Bahi-Manyoni basin has a drainage area of nearly 23.500 km
2 
(Figure 2) (McCartney, 
2007) but the study area in this project is limited by the Chenene hills in the middle of the 
basin in the north and consist therefore of an area about 10.000 km
2
. The area is mainly 
populated by the Wagogo people, but in the Chenene hills between the rivers Bubu and 
Mponde there is a tribe called Sandawe (Eaton, 2010). In 1992, the Gogo population were 
about 1.3 million and Sandawe speaking people was found to be around 40.000 in 2000 
(Eaton, 2010). In recent years more and more Masai are also wandering into the basin with 
their herds in hope of finding food and water for the animals.  
4.1 Geology 
The study area is situated on the Tanzanian craton and is a part of the highest highland plateau 
of Tanzania (Figure 2) (Milne, 1947; Spence, 1951; Fozzard, 1959; Key, 1992; Maboko, 
2000; Macheyeki et al., 2008; Salminen et al., 2008).  
The craton consists of Precambrian granites with some migmatites, gneisses, amphibolites and 
quartz veins and it has been intruded by mafic dykes (Milne, 1947; Spence, 1951; Fozzard, 
1959; Bianconi and Borshoff, 1984; Key, 1992; Maboko, 2000; Macheyeki et al., 2008; 
Salminen et al., 2008). The Chenene Hills are made up of the Bubu Cataclastics which are a 
deformation of the granitic craton (Maboko, 2000; Macheyeki et al., 2008)). Dating of the 
granite in the Bubu Cataclastics yield the same date as for the Tanzanian craton, namely 2.5 
billion years using Sm-Nd technique while the age obtained from Rb-Sr was 527 million 
years (Maboko, 2000). The interpretation of this was that the Bubu Cataclastics was originally 
craton granite highly deformed by the Pan-African orogony which formed the metamorphic 
Mozambique belt (Maboko, 2000; Macheyeki et al., 2008). The Sanzawa scarp is an old fault 
trending North West-South East acting as the Southern boundary of the Chenene Hills 
separating it from the Bahi depression, as seen in figure 3 (Fozzard, 1961; Macheyeki et al., 
2008). It might be of late Pan-African origin (Macheyeki et al., 2008). North West of the 
Chenene Hills, in the upper part of the study area, an extinct volcano, Hanang is situated 
(Figure 2) (Foster et al., 1997; Dawson, 2008). Carbonatite lavas and pyroclastics which are 
highly alkaline were accompanied nephelitic tuffs (Foster et al., 1997; Dawson, 2008; 
Macheyeki et al., 2008). From dating of the nephelinite, the active period of Hanang is found 
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Figure 2: Topographical map of Tanzania modified after Map of Net (2012). Bahi basin is situated in the marked 
area. Mount Hanang is found at the top of the Bahi basin drainage area and behind it Lake Balangida. 
to be between 1.5 million and 0.9 million years ago (Foster et al., 1997; Dawson, 2008; 
Macheyeki et al., 2008). There are also many granitic inselberg cropping up on the plains, 
sometimes called by the Dutch name kopje in literature (Burtt, 1935; Milne, 1947; Spence, 
1951). These are seen as residual hills which stood up in a mature landscape, a peneplain in 
the Miocene period (Milne, 1947; Spence, 1951). The Killimatinde formation, which is 
mainly a silcrete but also contain some layers of ferricrete and calcrete, is believed to have 
been formed in a large swamp, an area with sluggish water movement or shallow evaporative 
basins on this peneplain (Milne, 1947; Spence, 1951; Fawley, 1956; Fozzard, 1959, Bianconi 
and Borshoff, 1984; Mancheyeki et al., 2008). The underlying granite basement is thought to 
have been weathered by percolating water and then cemented by pure silicates or aluminum 
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silicates, sometimes with iron in-situ (Milne, 1947; Spence, 1951; Fozzard, 1959). The 
Killimatinde formation has not been interrupted by the Sansawa faulting but all other faults 
cut it, so the Chenene Hills was already present when the Killimatinde sediments were 
deposited (Milne, 1947; Spence, 1951; Fozzard, 1959; Mancheyeki et al., 2008). The younger 
faults, south of the Chenene Hills surrounding the Bahi Swamp, are part of the East African 
Rift Structure and seen as an extension of the Manyara-Balangida rift segment and is 
illustrated in figures 2 and 3 (Mancheyeki, 2008). The faulting of the Manyara-Balangida area 
started in Pliocene-Pleistocene and is still going on as is evident by the earthquakes in the 
study area (Bianconi and Borshoff, 1984; Foster et al., 1997; Mancheyeki et al., 2008). The 
faulting in the study area consists of half graben structures with uplifting mostly on the west 
side of the faults and down-faulting of the east side’s (Figure 3) (Bianconi and Borshoff, 
1984; Foster et al., 1997; Mancheyeki et al., 2008). In the surroundings of the Bahi depression 
there are a pattern of south-west trending faults with the south-eastern side down-thrown 
(Figure 3) (Mancheyeki et al., 2008). The faults are called Saranda, between Killimatinde and 
Manyoni, Bubu South and North fault, with the North fault separating Bubu River and 
Mponde River and Bubu South situated between Killimatinde and Mbwasa (Figure 3) 
(Fozzard, 1959; Mancheyeki et al., 2008). To the east there is more faults with the same 
trending (Figure 3). Faults of Dodoma South and North, the Dodoma-Kigwe and Hombolo 
fault all have trending the same trending and south-east down-throw (Figure 3) (Mancheyeki 
et al., 2008). The other fault pattern are of faults trending north-northwest with down-throw of 
the south-eastern block (Figure 3) (Mancheyeki et al., 2008). These are the faults of Bahi, 
being the southern limit of the drainage area of Bahi Swamp, and Mponde, forming the 
Mponde valley of which Balangida lake drains into (Figure 2 and 3) (Fozzard, 1959; 
Mancheyeki et al., 2008). All the faulting of the earlier peneplain left part of the Killimatinde 
formation uplifted and are now being eroded, while other parts where down thrown and are 
today buried underneath younger sediments from Pleistocene to recent, like in the Bahi 
depression(Figure 1 and 3) (Milne, 1947; Fawley, 1956; Bianconi and Borshoff, 1984; 
Mancheyeki et al., 2008). The Bahi depression has the Bahi Swamp situated at the lowermost 
point (Figure 3). In 1953 there were six drill holes done in the Bahi swamp until fresh 
basement rock was found (Fawley, 1956). The reason for the drilling was to see if there was 
anything for economical production (Fawley, 1956). The depth to basement varied between as 
little as 33 meters until 109 meters or 358 feet (Fawley, 1956). It was found that the sediments 
were too alkaline and high on silica to be used for cement but the brines from   
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Figure 3: Topographical map over study area. Fault lines modified after Macheyeki et al. (2008). 
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the boreholes might be utilized for salt mining (Fawley, 1956). In the Bahi depression the 
Killimatinde beds, consisting of grains cemented by silica (Fawley, 1956), are found under 
approximately 75 meters of lake sediments (Fozzard, 1959) and Fawley (1956) noted it to be 
between 10 to 70 meters deep. Unfortunately a map with the drilling points has not been 
located but it is here assumed the shallowest parts are closer to an edge of the Bahi swamp. 
The lake sediments deposited on top consists of alternating beds of clays, calcrete and iron-
cemented tuff assumed to be of Plio-Pleistocene until recent in age (Fawley, 1956; Fozzard, 
1959; Bianconi and Borshoff, 1984). 
4.2 Climate 
The basin is part of the internal drainage system where the areas are all hydrological restricted 
and in a semi-arid climate (Nkotagu, 1996; Yanda and Madulu, 2005; Matthews, 2007). The 
only inflow is rain and water leaves mostly by evapotranspiration, but some basins have 
probably also connection to regional groundwater systems (Nkotagu, 1996; Deocampo, 2005). 
The Bahi basin is characterized by potential evapotranspiration between 1260, at Bahi 
meteorological station, to 2000 mm a year towards Tabora (Spencer, 1951; Nyenzi et al. 
1981; Matthews, 2007). The long term mean annual rainfall is 550-600 mm at Bahi 
meteorological station, and around 660 mm in Manyoni (Spencer, 1951, Matthews, 2007). 
Most rain occurs in the rainy season from December to April (Bianconi and Borshoff, 1984; 
Nkotagu, 1996; Yanda and Madulu, 2005; Matthews, 2007).  
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5 Method 
5.1 Desk study 
Through the University of Oslo Library, a search was made to get to know the area and to get 
knowledge about the scientific work which had already been performed in the region. Also a 
broader search of activities going on in the area was done, like help organizations, mining 
companies and non-government organizations. 
Through Google, a variation of satellite photos and terrain maps were used to plot the 
drainage area of the Bahi basin. This helped us to define the area of interest. One necessity 
was that the area was accessible by car. 
5.2 Fieldwork 
The main goal was to sample existing wells in the area. To find the wells several different 
approaches were used. Maps over the area with springs marked, asking villagers where they 
get water and if they knew about any other wells in the area, information from the water 
authorities and the Engineer in charge of the water distribution in the Manyoni district.  
5.2.1 Water sampling 
To get the water sample from the drilled wells and also from some of the hand pump wells, 
permission had to be granted from the one in charge of the well, information about the project 
were given in return. To avoid waste of water during sampling, buckets were placed 
underneath the water outlet of the pumps and rinsing water was emptied into it. The position 
of the sampling points was found using a GARMIN GPSMAP 76CSX 2007 model and the 
ARC60 map datum. The points were thereafter plotted on the map made over the drainage 
area during desk study at UoO. This was both to make sure the samples were taken within the 
drainage area and to keep track of the distribution of the samples. 
The multi meter WTW Multi 350i with electrode WTW MPP 350 was used for measuring 
electric conductivity (EC), dissolved oxygen (DO), salinity (SAL) and temperature, and the 
electrode WTW SensoLyt MPP-A was used for measuring pH and temperature in the field. 
Dr. Jean Mujumba from UDSM had calibrated the multi meter and performed the 
measurements in the field. Water were filled in a glass beaker, RASOTHERM 800 ml, after 
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rinsing it with sample water between 1 to 3 times, to measure the pH, EC, DO, SAL and 
temperature where there was no direct access to the water source itself, like drilled wells. If 
there was access then the electrodes were lowered into the water. The measured values were 
read off when the individual variables were stable.  
Carbonate hardness was also measured directly in field using a MERCK compact laboratory 
set.  5 ml of sample water was measured and coloring agent was added. The test determines 
carbonate hardness as a measure of acid binding capacity or the buffer capacity of the water 
sample and this is found by dripping a drop at a time of nitric acid until pH 4.3 is reached, 
which is indicated by a change in color from blue to red (Merck, 2012). Buffer capacity is the 
same as acid neutralizing capascity of a sample or the solutions ability to accept protons 
(Appello and Postma, 2009). In the laboratory the measurement of total alkalinity was 
determined, to check if the carbonate hardness found in field was the main contributor to 
alkalinity and to find out if there had been any significant changes in the values. This check 
was performed on a Metrohm AG Autotitrator 736 GP Titrinoin the chemistry laboratory at 
the Department of Geoscience, UoO. Under constant stirring hydrochloric acid (HCl) of 
concentration 0.01 M or 0.1 M was added to each sample until equivalence point was reached, 
this is the point where all H
+
 consuming reactions are used up (Misra, 2012): 
𝐻+ + 𝑂𝐻− = 𝐻2𝑂 
      𝐻𝐶𝑂3
− + 𝐻+ = 𝐻2𝐶𝑂3(𝑎𝑞 ) 
𝑆𝑂4
2− + 𝐻+ = 𝐻𝑆𝑂4
− 
After the equivalence point is reached, all of the H
+
 ions added will be in solution and pH will 
decrease rapidly (Appello and Postma, 2009; Misra, 2012): 
𝑝𝐻 = −log⁡[𝐻+] 
Other constitutes of the water, like organic matter and iron, can also affect the buffer capacity 
of a sample, but the main contributor are most often carbonates (Appello and Postma, 2009; 
Misra, 2012).  
The water samples were collected into new Thermo Scientific Nalgene bottles of 200 or 250 
ml in duplicates. The bottles were rinsed between 1 to 3 times in the water going to be 
sampled. One sample was filtered using PALL Life Sciences Acrodisc Premium 25 mm 
Syringe Filter of 0.45 µm or 1 µm size if not feasible with the finer mesh, while the duplicate 
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had nothing done to it. The syringe used was BD Plastipak Luer-Lok Syringe of 50 ml.  There 
was no acidification done of the samples in field or back at UoO, unless it was needed for in 
an analyze method. In the first field season the water samples were placed in refrigerator until 
it was time to travel back to the University of Oslo. During the second field season a 
refrigerator was not available and most samples were not filtered or cooled until they arrived 
at the laboratory in the University of Oslo. The reason for this was a change in base to have 
shorter drive to get into the field so that more remote locations could be reached during 
daylight hours. The samples did not have any visible precipitation of iron oxides, still any iron 
in solution will have been precipitated out due to oxidation since no acid was added to the 
water samples (Appello and Postma, 2009). Iron oxide is one of the preferred minerals for 
metal ions to attach to, due to its large surface (Appello and Postma, 2009). This can lead to 
false low concentration of trace elements like lead and arsenic (Appello and Postma, 2009). 
The electron imbalance of the samples calculated by PHREEQC was generally below 5 %, as 
seen in appendix A, which indicates that the samples are almost in equilibrium with regards to 
the constitutes in them. 
5.2.2 Sediment sampling 
Sediment samples were taken at various depths not far from the water sampling but in a place 
where the soil and sediments seemed undisturbed by human activities, like river beds or into 
the sides of pits. Before sampling of the sediments was done, the surface layer was removed 
by digging with a spoon or occasionally by a pick axe. Afterwards samples were taken and 
put into plastic bags with zipper. The bags were marked with water sampling point and 
depths. When possible also rock samples were collected from the sites.  
5.3 Methods analyzing samples 
5.3.1 Sediment and rock preparation 
A stainless steel slinging mill was used to crush a bulk sample of a total of 43 sediment and 
rock samples. The sample spots were chosen to give the best possible spread over the study 
area. In addition, sediment and rock samples were collected in areas were analyses of water 
showed large quantities of heavy metal. 
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Before crushing a sample, the mill was cleaned using water and brush and ethanol to avoid 
contamination from other samples. A spoonful of sample was added into the mill before the 
mill was turned on for about 3 minutes. Then it was gently opened and the disc inside was 
moved to hear if there were any grains left. The powder was scraped out with a teaspoon onto 
paper and thereafter into small glass containers or zip bags before the bulk sample was sent to 
XRD and ICP-MS analyzing.    
5.3.2 Inductively Coupled Plasma – Mass Spectrometry (ICP-MS) 
The water samples and sedimentand rock bulk samples were sent to Activation Laboratories 
Ltd. (Actlabs), Ancaster, Ontario, Canada. The sediment and rock sampled had been crushed 
to powder in the slinging mill first.  
Sodium peroxide fusion (FUS-MS-Na2O2) was used by Actlabs, to clean the sediment and 
rock samples from 2010. Total Digestion, involving hydrochloric, nitric, perchloric and 
hydrofluoric acids, was used by Actlabs, to clean the sediment and rock samples from 2011 
(Actlabs, 2011). Nitric acid was added to the water samples until pH was lowered to pH < 2 
(Actlabs, 2011). 
The samples were then analysed using a Perkin Elmer Sciex ELAN ICP-MS 9000s and some 
samples also by Varian 735 ICP. All analyses are reported to be after ISO 17025 standards 
(Actlabs, 2011). The results are given in parts per million (ppm) or parts per billion (ppt) for 
the sediment and rock samples and in microgram per litre (µg/L) or milligram per litre (mg/L) 
for the water samples, depending on the concentration of the different elements.  
The samples from 2010 were all analyzed using ICP-MS. The sediment and rock samples 
from 2011 were analyzed using two methods to get a reading for all elements, both ICP-MS 
and ICP. Since two different methods were used on the sediment and rock samples for the two 
different field seasons, there are differences between the detection limits. 
In an ICP-MS samples are introduced into argon plasma as aerosol droplets (PerkinElmer, 
2011). The plasma dries the aerosol, dissociates the molecules, and then removes an electron 
from the components, thereby forming singly-charged ions, which are directed into a mass 
filtering device known as the mass spectrometer (PerkinElmer, 2011).  Most commercial ICP-
MS systems employ a quadrupole mass spectrometer which rapidly scans the mass range 
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(PerkinElmer, 2011). At any given time, only one mass-to-charge ratio will be allowed to pass 
through the mass spectrometer from the entrance to the exit (PerkinElmer, 2011). 
The certificate of how the analyses was done and the quality checks are found in appendix F. 
5.3.3 X-Ray  Diffraction analyser (XRD) 
The powder samples from the slinging mill where sent to the Department of Chemistry in 
2011 and Department of Geoscience, both at UoO.  
For the analysis a Philips X’Pert MPD XRD was used. It has a sample rotation of 30 rounds 
per minute (RPM) which equals a move of 3.15 radians per second (rad/s).  The samples were 
bulk samples and the XRD analyses were used to find the main mineral composition of the 
samples. To manage this, the minerals have to have a well defined crystal lattice and not an 
amorphous structure because in amorphous structure the atoms are randomly placed (NGU, 
2005; EAG, 2012). 
When an X-ray beam is directed towards the sample, it enters the crystal lattice and are 
scattered by the crystal lattice of the different minerals, at specific angles for each minerals 
lattice planes (NGU, 2005; EAG, 2012). The angles are given in 2-theta (Ɵ) degrees, the peak 
intensities from the distributions of atoms in the lattice and the d-spacing from the length 
between each lattice plane are the output of the XRD analysis. The d-spacing is given in the 
unit Ångstrøm (Å). Using the software MacDiff to represent the raw output and the Joint 
Committee for Powder Diffraction Standards catalogue the different minerals were identified. 
The amount of each mineral cannot be determined but which had the highest amount and so 
on, from the peak intensities, can be identified (EAG, 2012). 
5.3.4 Ion Chromatograph (IC) 
The water samples main ions were analysed in the chemistry laboratory in the Department of 
Geoscience at University of Oslo (UoO) by a Dionex ICS-1000 and ICS-2000 IC. Having two 
columns makes it possible to analyse for both cations and anions at the same time. 
The samples had to be diluted by deionized water if the concentration was too highfor some 
of the different elements analysed for. In the IC the sample is pressed through the columns 
(Eith et al., 2001). Inside the columns there is an eluent that absorbs the ions (Eith et al., 
33 
 
2001). The different species use different time to pass through the column depending on size 
of the ion (Eith et al., 2001). Then the width is correlated to the time between the first ion and 
the last ion from the same element (Eith et al., 2001). The output is presented as peaks in a 
graph, with time being the separator, on the x-axis, between the elements and the width of 
each peak, together with the intensity is correlated with the concentration of the different 
elements in solution in the sample (Eith et al., 2001). 
Before the samples were run, three or four blank were sent through, followed by three 
different standards with known concentrations and in the end one of the standards was run 
again. After that the samples were run and after around 40 samples another standard was sent 
to see if there are any deviations in the concentration measured. Then blank samples are run 
and then the standards, before a new batch of samples was sent through. 
5.3.5  Atomic Absorption Spectrometers (AAS) 
The main cations in the samples from field season in 2010 were analysed using Varian 
SpectrAA 300P AAS at chemistry laboratory at Department of Geoscience at UoO.  
In an AAS there are first run standards at different concentration of an element to calibrate the 
machine to that element (Huff, 1998). The AAS can only be used on metals, which is why 
anions are not decided on this machine (Huff, 1998).  
In the machine the sample is heated up by a flame before passing so through a detector. In the 
detector a UV light beam is directed at it (Huff, 1998). When the element was heated it went 
from its ground state of energy to a higher state of energy (Huff, 1998). This higher state of 
energy absorbs some of the UV light and this reduces the UV lights intensity (Huff, 1998). 
This UV absorption occurs at different wavelength for the different elements and the 
absorption increases with higher concentration of the element in question (Huff, 1998). The 
concentration is given in mg/L in the output. There is no need to run the samples twice to get 
a duplicate because when the sample is heated, it is diverted into two different chambers in 
the detector (Huff, 1998). This gives two readings of each sample run. 
Before the samples were run, there were three or four blank sent through, followed by three 
different standards with known concentrations and after that, four standards were run again to 
check the calibration (Naoroz, pers. comm. 2011). After every 40 samples standards were 
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analyzed to see if there were any deviations in the concentration measured (Naoroz, pers. 
comm. 2011). 
5.3.6 Scanning Electron Microscope (SEM) 
Total of 8 water samples from the field season of 2010 had so much suspended material at 
sizes below 1 µm that it was difficult to filter them the same way as the rest of the samples. 
Vacuum was therefore used to get the water filtered through a 0.45 µm filter. The residual left 
on the filter paper was transferred to a carbon coated stub. These stubs were then analyzed by 
a JEOL-JSM-6460LV scanning electron microscope by the use of backscatter electron image 
at Department of Geoscience at UoO.  
The SEM uses low vacuum chamber where the sample is illuminated by a focused electron 
beam (The McCrone Group Inc., 2011). These electrons interact with the sample and here the 
backscattered electrons and the intensities of these are used to get a good indication of the 
composition of the sample (The McCrone Group Inc., 2011). It also offers magnification of 
the sample down to 3 nanometres (nm) (The McCrone Group Inc., 2011). 
5.3.7 Wet sieving 
The sediment samples from the field season of 2010 were dried at 105 °C at the 
sedimentology laboratory at Department of Geoscience at UoO. Then they were weighed. 
Sieves with different mesh sizes ranging from 16 mm and down to 0.5 mm were used. To 
ensure that all smaller grain sizes have been transported through the mesh, the samples were 
washed through with deionised water. The different fractions were dried and then weighed. 
The remaining sample with diameter less than 0.5 mm was left to settle in plastic cups with 
lids on for a minimum of three days. The clear water phase was than sucked out with an 
automatic pipette. Afterwards the samples were placed in drying cupboard. A small amount 
was then analyzed using a Beckman Coulter LS 13 320 Single-Wavelength Laser Diffraction 
Particle Size Analyzer. It can analyze particles from 2000 µm and down to 0.04 µm size 
(Beckman Coulter, 2011). The sample was stirred together to get an best possible mix of all 
grains in the cup, together with a little deionised water (Naoroz, pers. comm. 2012).  Then the 
sample is put inside the Particle Size Analyzer. It measures the size distribution of particles 
suspended in the liquid module, after the principles of light scattering (Beckman Coulter, 
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2011). The pattern of light as it is scattered is measured (Beckman Coulter, 2011). The 
different particle sizes have different scattering pattern (Beckman Coulter, 2011). The 
amplitude of each pattern is a measure of the relative volume of each particle size in the 
sample (Beckman Coulter, 2011). 
5.3.8 Grain size analyses and estimation of hydraulic conductivity 
and porosity 
The grain sizes in the 73 sediment samples from 2010 field season were determined and an 
estimation of the sorting, hydraulic conductivity (K), porosity and soil type were done.  The K 
was estimated using both Hazen, after Dimakis (2002) and Gustavson method after Dimakis 
(2002) and Kitterød (2007), but due to the poor sorting of most samples the values from 
Gustavson method is used in the description given in the subchapters below. The reason being 
that Gustavson method was developed for samples like till which have a poor sorting, while 
Hazen is a special case of Gustavson method only made for samples which are well sorted 
(Kitterød, 2007). The porosity of the sediment samples was estimated from: 
Φ =
𝜃1
2ln⁡(𝑢)
−
𝜃1
𝑢2−1
 
𝜃1
2ln⁡(𝑢)
−
𝜃1
𝑢2−1
 + 1
 
The symbol Φ denotes porosity, u= d10/ d60 and d10 and d60 are the 0.1 and 0.6 quantiles, 
respectively, for the cumulative distribution graph (Dimakis, 2002; Kitterød, 2007), values of 
which are found in appendix D. The parameters θ1 = 0.8 and θ2 = 10.2 are given by Gustavson 
(Dimakis, 2002; Kitterød, 2007).  
The saturated hydraulic conductivity, K, by Gustavson method found from the equation: 
𝐾 = 𝜃2
Φ3
(1 −Φ)2
 
log𝑢
1.3
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𝑢1.8
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2
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2  
The Hazen formula is much simpler and normally used to get a first estimate of the hydraulic 
conductivity of a sediment sample. Hazen formula is given in the form, after Dimakis (2002): 
𝐾 = 𝐴𝑑10
2   𝑖𝑓 
𝑑60
𝑑10
< 5 
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The coefficient A = 0.01157 was used by Dimakis (2002) and it must be remembered that 
Hazen method is empirical, meaning based on experience. 
There was not much difference between the two methods when used on well sorted samples. 
When the sorting is poor the difference between the methods increases and can reach more 
than a factor of ten. The description of the sediment sample sites are given together with the 
estimated porosity, K and soil type in appendix D.  
The soil types were classified after USDA (2011) soil texture triangle. The results are given in 
appendix D. 
5.4 Methods for processing data 
The amount of data is vast in this study so several techniques have been used to present the 
data and extract information from it.  
5.4.1 ArcGIS  
An ArcGIS model has been made by the Department of Geology at University of Dar es 
Salaam in Tanzania.  
 ArcGIS is a geographic information system where maps can be created in space by 
determining a coordinate system for it when importing it into the ArcGIS software. The model 
was modified and tables with information for the different wells were implemented and the 
coordinates, in x, y and z dimensions, for the different sample points was set to be in the same 
coordinate system that had been put on the map over the area. 
5.4.2 Activity diagram 
Theoretical equilibrium diagrams can be constructed between aqueous solutions and minerals 
(Helgeson et al., 1969; Drever, 1997). These diagrams use the activity of the individual ions 
and/or complexes into equilibrium diagrams to see what minerals the system is saturated for 
(Helgeson et al., 1969; Drever, 1997).  
The diagrams were made for the four cations sodium, potassium, calcium and magnesium at 
25 °C, 1 atmosphere pressure and with a pH below 9. The activity of H2O is assumed to equal 
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1, meaning that the logarithmic activity of water is zero. The diagrams are plotted as log 
aSiO2(aq) versus the log aK
+
/log aH
+
. 
 
 
Table 1: Minerals equilibrium equation and the logaritmic value of their solubility constant, log K, are from the 
llnl.dat database (Johnson, 2000) except for amorphous silica which are from Drever (1997). 
Mineral Equilibrium equation Log K 
Kaolinite Al2Si2O5(OH)4 +6 H
+
  = 2 Al
3+
 + 2 SiO2 + 5 H2O 6.8101 
Gibbsite Al(OH)3+ 3 H
+
  =  Al
3+
 + 3 H2O 7.7560 
Muscovite KAl3Si3O10(OH)2+10 H
+
  = K
+
 + 3 Al
3+
 + 3 SiO2 + 6 H2O 
H2O 
13.5858 
K-feldspar 
(microcline) 
KAlSi3O8 +4 H
+
  =  Al
3+
 + K
+
 + 2 H2O + 3 SiO2 -0.2753 
Pyrophyllite Al2Si4O10(OH)2 +6 H
+ 
 = 2 Al
3+
 + 4 H2O + 4 SiO2 0.4397 
Sepiolite Mg4Si6O15(OH)2:6H2O + 8 H
+
  = 4 Mg
2+
 + 6 SiO2 + 11 H2O 30.4439 
Low-Albite NaAlSi3O8+4 H
+
  = Al
3+
 + Na
+
 + 2 H2O + 3 SiO2 2.7645 
Quartz SiO2= SiO2 -3.9993 
Amorphous silica SiO2= SiO2 -2,6990 
 
The silica equilibrium equation for both quartz and amorphous silica. 
𝑆𝑖𝑂2 𝑞𝑢𝑎𝑟𝑡𝑧  = 𝑆𝑖𝑂2 𝑎𝑞   
𝐾𝑒𝑞 = 𝑎𝑆𝑖𝑂2    𝑎𝑠𝑠𝑢𝑚𝑖𝑛𝑔 𝑎𝐻2𝑂 = 1 
𝐾𝑒𝑞 = 1 × 10
−3.9993 𝑎𝑡 25 ℃ 𝑓𝑜𝑟 𝑞𝑢𝑎𝑟𝑡𝑧 
𝐾𝑒𝑞 = 2 × 10
−3 𝑎𝑡 25 ℃ 𝑓𝑜𝑟 𝑎𝑚𝑜𝑟𝑝𝑕𝑜𝑢𝑠 𝑠𝑖𝑙𝑖𝑐𝑎 
The line for saturation for quartz and amorphous silica is a vertical line up from the x-axis on 
the diagram at the value given in table 1, since the equilibrium constant is the same as the 
activity of silica in aqueous phase and no other ions are participating in the equations 
(Helgeson et al., 1951; Drever, 1997; Appelo and Postma, 2009). 
Aluminium ions have a very low solubility at pH near neutral and are therefore considered to 
be only in solid phase in the mineral-solution system at Bani-Manyoni area (Drever, 1997; 
Appelo and Postma, 2009). From this simplification it is only needed to consider reactions 
38 
 
between minerals (Drever, 1997). Another simplification is using muscovite for mica and 
pyrophyllite for montmorrilonite and other mixed layer clays.  
Clay minerals, like montmorillonite, illite, smectite and other mixed layer clays in nature, 
have a wide variety of mineral compositions with regards to which cations are attached to the 
ion-exchange sites they inhibit (Aagaard and Helgeson, 1983). According to Aagaard and 
Helgeson (1983) if an ideal solid solution consisting of 50 mole percent each of the 
components A-X and B-X are dissolved in H2O until stoichiometric saturation is reached and 
the equilibrium of the two components respectively differ by an order of two in magnitude, 
the absolute error associated by assuming that equilibrium is reached for A0.5B0.5-X and the 
aqueous phase is in the order of 2.5 kcal/mol. That is an uncertainty in the range of 2 log units 
on the axis of a stability diagram regarding the placement of stability field boundaries 
(Aagaard and Helgeson, 1983). As seen in figures 20 to 23, such a change on the axis of 
where the lines are to go, will give a substantial change in which stability fields the samples 
plot in. Aagaard and Helgeson (1983) showed that the calculated activities of muscovite and 
pyrophyllite components of montmorillonite, illites and mixed layer clays can be used to limit 
the stability fields of the various clays in a stability diagram. Therefore, pyrophyllite is used 
as the clay component in all diagrams and muscovite is the mica used in the potassium-silica 
system. 
Assuming that the activity of water equal 1, to find the activity of silica where equal amounts 
of both kaolinite and K-feldspar are stable their equilibrium equations added, after having 
added enough gibbsite to get equal amounts of free aluminium ions in the two equations: 
Al2Si2O5(OH)4 +6 H
+⇌  + 2 Al3+ + 2 SiO2 + 5 H2O               log K 6.8101 
2 Al
3+
 + 2 K
+
 + 4 H2O + 6 SiO2⇌ 2 KAlSi3O8 + 8 H
+
        2 log_K 0.2753 
Al2Si2O5(OH)4+ 2 K
+
 + 2 SiO2⇌2 KAlSi3O8 + 2 H
+
+ H2O   log K  6.2595 
The equilibrium constant are given: 
𝐾 =
𝑎2𝐻+
𝑎2𝐾+𝑎4𝑆𝑖𝑂2
 
By rearranging the equation and take the log on both sides, the border between the two 
minerals in the equilibrium diagram can be found: 
𝑙𝑜𝑔  
𝑎2𝐻+
𝑎2𝐾+
 = 4𝑙𝑜𝑔𝑆𝑖𝑂2 + 𝑙𝑜𝑔𝐾 
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Rearranging the left side to make it equal the y-axis: 
𝑙𝑜𝑔  
𝑎2𝐾+
𝑎2𝐻+
 = −𝑙𝑜𝑔𝐾 − 4𝑙𝑜𝑔𝑆𝑖𝑂2 
2𝑙𝑜𝑔  
𝑎𝐾+
𝑎𝐻+
 = −
1
2
𝑙𝑜𝑔𝐾 − 2𝑙𝑜𝑔𝑆𝑖𝑂2 
2𝑙𝑜𝑔  
𝑎𝐾+
𝑎𝐻+
 = −
1
2
6.2595 − 2𝑙𝑜𝑔𝑆𝑖𝑂2 
The points on the line in the equilibrium graph where kaolinite equal K-feldspar are given by 
the equation: 
𝑙𝑜𝑔  
𝑎𝐾+
𝑎𝐻+
 = −3.1297 − 2𝑙𝑜𝑔𝑆𝑖𝑂2 
The equations governing the rest of the lines in the diagrams are given in table 2. 
Table 2: Stability field boundaries equations between the different minerals in the systems and the theoretical 
associated solubilty constant in logaritmic format. 
Minerals Equilibrium equation Solubility constant, log K 
Muscovite - Gibbsite 𝑙𝑜𝑔  
𝑎𝐾+
𝑎𝐻+
 = −𝑙𝑜𝑔𝐾 − 3𝑙𝑜𝑔𝑆𝑖𝑂2  -9.68 
Muscovite – K-feldspar 𝑙𝑜𝑔  
𝑎𝐾+
𝑎𝐻+
 = −
1
2
𝑙𝑜𝑔𝐾 − 3𝑙𝑜𝑔𝑆𝑖𝑂2  12.76 
Gibbsite - Albite 𝑙𝑜𝑔  
𝑎𝑁𝑎+
𝑎𝐻+
 = −𝑙𝑜𝑔𝐾 − 3𝑙𝑜𝑔𝑆𝑖𝑂2  -4.99 
Kaolinite - Albite 𝑙𝑜𝑔  
𝑎𝑁𝑎+
𝑎𝐻+
 = −
1
2
𝑙𝑜𝑔𝐾 − 2𝑙𝑜𝑔𝑆𝑖𝑂2  -0,64 
Kaolinite - Pyrophyllite 
1
2
𝑙𝑜𝑔𝐾 = 𝑙𝑜𝑔𝑆𝑖𝑂2  -5.93 
Albite - Pyrophyllite 𝑙𝑜𝑔  
𝑎𝐾+
𝑎𝐻+
 = −
1
2
𝑙𝑜𝑔𝐾 − 𝑙𝑜𝑔𝑆𝑖𝑂2 -5.97 
K-feldspar - Pyrophyllite 𝑙𝑜𝑔  
𝑎𝐾+
𝑎𝐻+
 = −
1
2
𝑙𝑜𝑔𝐾 − 𝑙𝑜𝑔𝑆𝑖𝑂2  0,055 
 
5.4.3 Numerical modeling 
PHREEQC is a computer code which can be used as a speciation program to calculate 
saturation indices and the distribution of aqueous species. Analytical data for mole balances 
can be defined for any valence state or combination of valence states for an element 
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(Parkhurst and Appello, 1999). PHREEQC version 2.18.3 was used to check the electron 
balance (EB) and to calculate log activities for ions, the speciation of Uranium ions and the 
saturation indices of minerals in the individual samples. For EB the values given in appendix 
A was used and for the rest of the modeling appendix B was used except for parameters were 
value was only given in appendix A. An example of input for a well in PHREEQC are given 
in appendix G 
5.4.4 MiniTab 
The multivariate data of the study, consisting of numerous wells and several chemical 
parameters for each well made it clear that a multivariate statistical approach had to be used to 
get a good understanding of the data. The statistical software Minitab was chosen to perform 
the analyses. 
A total of 13 parameters where selected for the analyses. The value used for each of the 
parameter is given in appendix A for the anions chloride, nitrate, sulphate and fluoride, and 
for pH and EC. The other parameters used the values given in appendix B.  
All parameters had whole series except uranium. For uranium, two values were listed as 
larger than 200 µg/L, the samples 33/10 and 9/11. Here the limiting value 200 µg/L was 
chosen. The samples were divided into deep and shallow wells in separate worksheets. 
Barium was included in the initial analysis, but it did not correlate with any of the other 
parameters and made the system more complex in the end. It was therefore not used in the 
final analyses. 
Using the software MiniTab version 15 the parameters were standardized by subtracting the 
mean and divided by the standard deviation. The reason for standardizing the parameters was 
that they had different units. By standardizing them they all had a variance of 1 and a mean of 
zero. The distributions of the individual parameters were not known and therefore the method 
of cluster analysis (CA) of both observations and variables and principal components analyses 
(PCA) was used. These methods do not assume any type of distribution of the variables.  
PCA is a reduction of data method that can be used if there are correlations between the 
different variables (Miller and Miller, 2010). The correlations are given in a matrix and the 
numbers range between -1 to 1, where 1 means perfect correlation and -1 means a decrease of 
1 unit means an increase of 1 unit in the other variable (Drever, 1997; Miller and Miller, 
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2010). The sum of the correlation between the variables gives the eigenvalue of the columns 
in the correlation matrix (Miller and Miller, 2010). These columns are called Principal 
Component 1, 2 and so forth, where PC1 have the highest eigenvalue and explains the greatest 
part of the variance which occurs along its eigenvector, PC2 have the second highest 
eigenvalue and so on. The PC’s are the eigenvectors of the correlation matrix (Miller and 
Miller, 2010). By looking on the numbers given for the correlation between variables, it is 
possible to see which variables that have the highest correlation, both positively and 
negatively, with PC1 and therefore contributes most to the variance explained by this PC 
(Miller and Miller, 2010).  The same can be done for the other PC given by the analyse. When 
the sum of the correlation of the variables give an eigenvalue less than 1 and the variance 
explained by the preceding PC were higher than 80 %, it was chosen not to include more PC 
in the analyses (Miller and Miller, 2010). 
Cluster analysis have been used to group both observations, meaning the different wells after 
their chemical composition based on the 13 variables chosen, and grouping of the parameters 
to see which ones that might correlate to each other.  
For the clustering of the parameters, the correlation method for distance measurement was 
used. It considers negatively charged values to be farther away than positively charged values 
(Minitab Inc, 2006). The Ward linkage method was chosen to determine how the distance 
between two clusters is defined (Minitab Inc, 2006).  The distance between clusters is the 
correlations between the variables in a correlation matrix (Minitab Inc, 2006). In the Ward 
linkage method the distance between the clusters is the sum of squared deviations from 
variables to the centroids (Minitab Inc, 2006). Dendrogram was chosen as the output of the 
cluster analysis. 
For cluster analysis of the observations the Euclidian method for distance measurement was 
chosen, which is the square root of the sum of squared differences (Minitab Inc, 2006). The 
reason for this was that the linkage method chosen was Ward, see above for description, of 
which it is recommended to use a squared distance measurement. The data used for 
comparison of the observations had already been standardized and there was no need to 
separate between positively and negatively charged distance values (Minitab Inc, 2006).   
Afterwards, a comparison of the two methods was done to see if the analyses were giving 
similar answers about the water chemistry in the area.   
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5.5  Graphical processing of data 
5.5.1  Piper diagram: 
Piper diagram is a graphical method for displaying the main composition of water samples 
chemistry. It is made up of two triangular plots of which cations are plottet on one and anions 
on the other as seen in figure 5. On the cation plot, sodium and potassium together make up 
100% at the right corner, and decrease towards left. Magnesium has the left corner and 
calcium the top corner where they make up 100% respectively. For the cations chloride 
makeup 100% of the anions at the right corner, sulphate in the top corner and carbonate 
together with bicarbonate at the left corner respectively. To find the percentage the 
concentration of the different ions are converted to meq/L from mg/L: 
𝑚𝑒𝑞
𝐿 =
𝑚𝑔
𝐿 
𝑔𝑟𝑎𝑚 𝑓𝑜𝑟𝑚𝑢𝑙𝑎 𝑤𝑒𝑖𝑔𝑕𝑡
∗ (𝑐𝑕𝑎𝑟𝑔𝑒 𝑜𝑓 𝑖𝑜𝑛) 
Then the percentage of each ion within cations and anion are found as shown for sodium and 
potassium below: 
 𝑁𝑎+ + 𝐾+  
𝑚𝑒𝑞
𝐿  
  𝑁𝑎+ + 𝐾+ + 𝐶𝑎2+ + 𝑀𝑔2+  
𝑚𝑒𝑞
𝐿  
∗ 100 
The data points for cations and anions are then plottet on their respective triangular plot. 
Afterwards they are joined on the quadrilateral plot above them (Figure 5). 
5.5.2 Scatter-plots 
Scatter-plots are useful to detect relationships among elements and to see if the variation in 
one element has the same reason as another element or if they might belong to different 
processes when it comes to the concentration in the samples. The values are plottet with one 
element on the x-axis and the other on the y-axis and give a good graphical first indication of 
any correlation between parameters. Chloride is most often considered a conservative element 
in natural water systems when it comes to take part in chemical reactions and processes in a 
catchment (Drever, 1997; Appelo and Postma, 2009). It is therefore useful to plot against 
chloride to see if up-concentration of elements due to evapotranspiration of water, is the only 
cause of the different concentration taking place in the system, or if other processes are 
involved too (Drever, 1997; Appelo and Postma, 2009). Another useful parameter to plot 
43 
 
against is EC. This gives an indication of much of the same as chloride, but it is easier to see 
if there is a decrease of an element or additional source of the element with increasing EC 
(Drever, 1997). 
5.5.3 Flow diagram showing geochemical divides during 
precipitation  
Eugster and Hardie proposed in 1970 a flow diagram over the geochemical evolution of water 
in internal drainage basins (Drever, 1970). In the flow diagram the samples are divided after 
their inital content of magnesium, calcium and bicarbonate.  
The flow diagram have been modified from Eugster and Hardie as given in Drever (1997). All 
of the water samples from the study area contained some amount of all main ions (Appendix 
A). The first main division between the samples, seen in figure 19, are whether the content of 
alkalinity, given as bicarbonate in the plot, are less or greater than the combined content of 
magnesium and calcium, with concentration given in meq/L. In the group which bicarbonate 
was less, the next divide came in the individual relationship between bicarbonate and calcium 
or magnesium (Figure 19). The group in which the content of bicarbonate was highest, the 
next divide was the relationship between magnesium and calcium (Figure 19). Afterwards the 
samples were checked to see which minerals they were saturated for in the different groups 
from PHREEQC output, see appendix D and these minerals was added to the diagram (Figure 
19). 
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6 Results 
6.1 Aqueous Chemistry 
A total of 69 water samples were collected. The sampling spots are shown in Figure 4 and the 
chemistry of the waters are listed in appendix A. Some of the wells were only used in the 
beginning of the classification of the hydrogeochemistry in the area. The sample 13/10 is from 
a holding tank at Bahi town, and the exact location of the well is not known. Samples 39/10 
and 23/11 are mixtures of waters from two wells.  They have not been included in the stacked 
bars diagrams, in the calculation with PHREEQC, except for the main compostion analyses, 
or in the multivariate analysis done on the dataset. When the calculation in PHREEQC was 
done, the well 12/10 was taken out because it had an electron imbalance of -25 %. When the 
saturation indices and speciation was to be found, the values given in appendix B were used, 
except for parameters of which there were only values in appendix A. The samples 2/10, 4/10, 
5/10 and 18/10 did not converge when PHREEQC were run, so the results for saturation 
indices where not used. Where there are several samples from the same well or close 
proximity, a selection of wells were used. This was the case for Mitoo, where wells had been 
sampled both years and also all wells were from a very limited area. Therefore only sample 
1/11 from Mitoo was used of the 2011 sample set. Another place is Londoni where the three 
wells are placed very close to each other, here two of three wells were used in the PHREEQC 
modeling of saturation indices. 
6.1.1 Piper diagram 
In the Piper diagram seen in figure 5, there is a slight trend where the composition of the 
water samples goes toward Na-Cl-HCO3 type as the EC increases. This is seen in both deep 
and shallow groundwater samples.  
Any real grouping of the shallow or deep wells are not found, with such spread in data points 
as seen in figure 5. An outlier among the shallow wells are seen in Maweni A which plots 
alone due to the water type Na-HCO3 (Figure 5).  
All the springs have sodium as their main cation, except Msule spring, given as a red star in 
figure 5, which have water type Na-Ca-HCO3-Cl-SO4. For the other springs there seem to be a 
small increase in EC with a shift from bicarbonate and towards chloride as their main anion. 
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For the surface samples there are two samples, a lake and a river, which have a chemistry 
composition towards seawater, consisting of Na-Cl-(SO4). The third sample is a large dam 
constructed to collect rainwater in the Manyoni area. The sample had a relatively low EC and 
water type Ca-Na-HCO3.  
6.1.2 Scatter-plots 
In these plots the sample 8/11 has been left out. The reason being that 8/11 has an EC more 
than double that of any other sample. Therefore it became almost impossible to see any 
patterns among the other samples when it was included. 
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Figure 4: The spread of the samples in the study area. The color of each well marker indicates the pH measured 
in the sample. 
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Figure 5: Piper diagram where the samples have been divided into different types of sampling point. 
The two samples 6/10 and 20/10, have the highest EC, when sample 8/11, which is a lake, is 
left out. They represent two different environments in that 6/10 is a flowing river, while 20/10 
is a shallow groundwater well. 
Sodium is plotted against chloride in figure 6 and most samples have more sodium than 
chloride and plot above the 1:1 line, but four wells plot underneath as seen in figure 6.  
The plot of alkalinity against chloride in figure 7 indicates two possible paths for the 
concentration of alkalinity compared to chloride. The first path being that concentration of 
alkalinity can either flatten out and end where sample 6/10 and 20/10 is, or it can increase 
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more steadily together with chloride, but still to a lesser degree than chloride. When the 
concentration of chloride is getting close to 10 mmol/L, there is no more samples that have 
higher alkalinity than chloride and the samples end up around sample 40/10 and 9/11. The 
second path that can be interpreted from figure 7 is that initially alkalinity increases together 
with chloride, but around 10 mmol/L of chloride the level of alkalinity flattens out and with 
increasing chloride concentration, a drop in the concentration of alkalinity follows. 
 
Figure 6: Scatter-plot of sodium against chloride. 1:1 line are also shown. 
When potassium is plotted against EC as shown in figure 8, there seem to be three different 
pathways. The first one being a slight increase in potassium with increasing EC and then it 
flattens out by 40/10 and in the end decreases down to 20/10. Then there is a middle path with 
increase all the way until ending up where sample 6/10 is found. The third pathway is a quite 
sharp increase in potassium with EC, passing by 20/10 and ending up where sample 8/10 is 
found.  
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Figure 7: Scatter-plot of alkalinity against chloride. 1:1 line is also drawn. 
 
Figure 8: Scatter-plot of potassium against electric conductance. 
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Figure 9: Scatter-plot of magnesium against electric conductance. 
When magnesium and calcium was plotted against EC in figures 9 and 10 respectively, there 
were revealed two paths for both of the elements. The main path seems to be an increase in 
magnesium and calcium with increase of EC, but magnesium and calcium do not increase as 
much as EC and they end up where samples 6/10 and 20/10. The other path have a slight 
increase for both magnesium and calcium at the beginning together with increasing EC, but 
then magnesium and calcium concentration decrease with increasing EC and they end up 
where sample 40/10 and 9/11 are found.  
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Figure 10: Scatter-plot of calcium against electric conductance. 
When alkalinity is plotted against EC in figure 11, there could be one or two pathways 
indicated by the plot. If there is only one pathway, then the concentration of alkalinity 
increase with EC until alkalinity reach about 12 mmol/L, where sample 9/11 and 40/10 are 
found. Then the concentration of alkalinity decrease with increasing EC towards where 
sample 6/10 and 20/10 is found.  
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Figure 11: Scatter-plot of alkalinity against electric conductance. 
Plotting of sulphate against EC in figure 12, there seems to be one path with increasing 
concentration of sulphate with increasing EC. The increase of sulphate is steady until it reach 
sample 20/10, then there is a sharp increase in the concentration without the same increase in 
EC up to sample 6/10.  
6.1.2.1 Scatter-plot showing degree of saturation for fluorite 
In figure 13 the concentration of fluoride has been plotted against the concentration of 
calcium. The line that have been added to the diagram is depicted by the equations underneath 
and show the line of which the samples are saturated with regards to fluorite.  
Fluorite has an equilibrium equation given by: 
𝐶𝑎𝐹2 = 𝐶𝑎
2+ +  2𝐹− 𝑤𝑖𝑡𝑕 log𝐾 = −10.037 
𝑙𝑜𝑔𝐾 = log 𝑎𝐶𝑎2+ + 2log⁡[𝑎𝐹−] 
Rearranging the equation gives the formula to use finding points between the fields of 
undersaturation and supersaturation: 
𝑙𝑜𝑔 𝑎𝐹− =
1
2
𝑙𝑜𝑔𝐾 −
1
2
𝑙𝑜𝑔 𝑎𝐶𝑎2+  
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From the scatter-plot in figure 13 it is now evident that most of the water samples are 
supersaturated with respect to fluorite.  
Two places there have been sampled not only individual wells, but also the mix of which is 
used as drinking water. This is in Mbwasa, where both wells 1 and 2 and the mix has been 
samples, and at Sanza where one of two wells have been sampled together with the mix 
(Figure 4).  
From figure 13 it is clear to see that for Mbwasa 1 and 2 the wells have a very similar content 
of calcium and fluoride in the water and are supersaturated for fluorite, while the mix plot is 
found further to right, lower down and closer to the saturation line. 
The sample from Sanza is also supersaturated for fluorite and after it has been mixed with the 
other well, which unfortunately have not been sampled, it is even more supersaturated for 
fluorite and plotting much further to the right than before the mixing. 
 
Figure 12: Scatter-plot of sulphate against electric conductance. 
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Figure 13: Scatter-plot of the logaritmic activities of the ions calcium and fluoride. The line represents saturation 
for fluorite with undersaturation below and supersaturation above it. 
6.1.3 pH 
In figure 4 the different wells in the study area have been plotted with a color coding after the 
pH the water samples had in the different wells.  
The highest pH are found at Lake Chibumagwa and the deep well at Chipanga B with pH of 
9.34 and 8.9 respectively. The springs found at Msakile, Hika and Msule are also alkaline 
with pH around 8. 
The shallow wells at Solya and Mbabala A both have acidic waters with pH of 6.09 and 5.45 
respectively.  
The rest of the water samples have a pH between 6 and 8 regardless of well type and where in 
the study area they were sampled. 
6.1.4 Main composition 
6.1.4.1 East of Bahi Swamp 
To the east of Bahi Swamp there have been sampled shallow wells and Nghulugano River.  
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The stacked bar diagrams make it apparent that sodium is the prevailing cation in this 
subcatchment to Bahi Swamp, as seen in figure 14. It is also clear that the picture is more 
complicated on the anions side. In the wells 2/10 and 4/10 chloride is the main anion, while 
wells 9/10, 10/10 and 11/10 have the main anion bicarbonate, and for the wells 5/10, 12/10 
and 16/10 sodium, bicarbonate and nitrate are all high (Figure 14). In the wells 7/10 and 8/10 
the main anion is sodium but sulphate and bicarbonate is high in 7/10, while sulphate and 
nitrate are high in 8/10 (figure 14).  
6.1.4.2 South-East of Bahi Swamp 
For the wells in the subcatchment southeast of Bahi Swamp only one shallow well have been 
sampled. From figure 15 it is easy to see that the shallow well has sodium as the main cation 
and chloride, together with bicarbonate and nitrate are the main anions. The four deep wells 
all have a similar water type, with no prevailing cation and chloride and bicarbonate type on 
the anion side (Figure 15). 
6.1.4.3 Bubu River system 
The three wells from Chenene Hills that belong to the subcatchment of Bubu River system, 
42-44/10, have all a similar signature in the composition of main ions as seen in figure 16. 
Their water type is Na-Ca-Mg-HCO3-Cl both for the shallow wells and the deep one. 
The four wells from around Bahi town have a similar assemblage of cations to each other, but 
different from the ones further upstream (Figure 16). Their main cation is sodium. The deep 
well 13/10 has Cl-HCO3 as the main anions, while 14/10 and 18/10 have bicarbonate and 
15/10 have chloride as the main anion.  
6.1.4.4 Mponde River system 
The Hika springs, 29-30/10, and the spring at Sukamahela Line, 22/11, have a very similar 
water type of Na-HCO3-Cl, as seen in figure 17. The Msule spring, 40/10, the sample from 
Udimaa, 9/11, the sample just downstream from Udimaa at Maweni A, 20/10, the samples  
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Figure 14: The main water chemistry of the shallow wells east of Bahi Swamp. 
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Figure 15: Overview of the water chemistry for the samples from the southeast side of Bahi Swamp. 
 
Figure 16: Overview of the main water chemistry of the samples from Bubu River catchment. 
from Liwali River, 1/10, and the sample from Mponde River at Chikuyu, 22/10, just after 
Liwali River have joined it, all have a similar composition, the water type Na-Cl-HCO3-SO4 
(Figure 17). The sample 41/10 from Chenene Hills and 16/11 have the same composition as 
the wells from Chenene Hills in the catchment of Bubu River (Figures 16 and 17). The 
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samples 12/10, 19/10 and 21/10 have a low EC and the main water type Na-Cl-(SO4)-(NO3)-
(HCO3) and the wells 11/10 and 13-15/10 have the water type Na-Ca-(Mg)-HCO3 (Figure 
17). 
6.1.4.5 West of Bahi Swamp 
The wells samples at Mitoo, outside of Manyoni town, are represented by an averaged 
composition of main ions, from the samples taken both in 2010 and 2011 since the main 
composition of them are very similar. The representation of the main ions in the samples from 
the deep wells can be divided into two groups as seen in figure 18. The Na-Ca-(Mg)-HCO3 
type, represented by wells 27/10, 38/10 and 10/11, and the Na-Ca-Cl-(HCO3) type found in 
wells at Mitoo, 7/11 and 19/11. 
The shallow wells 26/10, 28/10 and 21/11 have the water type Na-(Ca)-Cl-HCO3 (Figure 18). 
Well 20/11, is actually a dam where rain water are collected. It has the water type Ca-Na-
HCO3 (Figure 18). 
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Figure 17: Overview over the main water chemistry for samples from Mponde River catchment. 
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Figure 18: Overview of the main water chemistry for samples from west of Bahi Swamp. 
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6.1.5 Flow diagram for geochemical evolution 
The flow diagram divided the water samples into five main groups, labeled I to V, as seen in 
figure 19. The groups were compared to the minerals of which they were supersaturated with 
regards to (Appendix E). From this it is clear that dolomite and calcite are the main carbonate 
minerals precipitating in the system, with magnesite possible in all groups except group II. 
Talc is the main magnesium silicate, with sepiolite present in all groups except group II, and 
antigorite is a possibility group III to V.  
 
Figure 19: Geochemical flow diagram over chemical divides for water samples due to precipitation of 
carbonates. Deep wells are given in bold fonts. Modified after Drever (1997) 
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6.1.6 SEM 
Several of the water samples had so much suspended material that they had to be filtered with 
a 1 µm filter first. Afterwards a 0.45 µm filter over a vacuum suction was used. The matter 
left on the filter was scanned in SEM. 
Table 3: Result of SEM analyses of the suspended material in selected water samples. 
Sample Kaolinite K-Illite Na-Albite Plagioclas Fe Ti Cu Zn Ba Mn Zr Mg 
2/10 X    X        
9/10 X  X  X        
10/10 X X   X X       
18/10 X X     X X    X 
19/10 X X  X X X       
21/10 X         X   
26/10 X X   X X   X    
34/10 X X   X      X  
 
The SEM showed the material to be mainly Kaolinite with som Illite mixed in to it as seen in 
table 3. There were also identified iron specs in most of the samples, Titan was found in 3 
samples and then several other elements were found ones in the samples (table 3).  
6.1.7  PHREEQC 
6.1.7.1 Activity diagram 
From the output of the PHREEQC program the values and the logarithmic activities of 
Sodium, Potassium, Calcium, Magnesium and Silica was used to make activity diagrams. 
The diagrams show that all samples, except 8/11, which is a highly saline, alkaline lake, and 
sample 20/11, Mwazi dam which is used to store rain water in the dry season, are saturated 
with respect to Quartz. Sample 18/10, a shallow well, is near amorphous silica saturation. 
This sample had much suspended material and even after filtering with 0.45 µm filter, the 
sample was not clear. 
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Figure 20: Theoretical stability diagram for sodium-silica system based on the stability fields depicted from table 
2. The sample in gibbsite field is Mwazi dam and Lake Chibumagwa is situated  in low-albite field just 
undersaturated for quartz. 
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Figure 21: Theoretical stability diagram for the potassium-silica system with stability fields depicted from table 
2. In the gibsite field is Mwazi dam sample and lake Chibumagwa is found in the K-feldspar field, just 
undersaturated for quartz. 
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Figure 22: Theoretical stability diagram for magnesium-silica system with stability fields depicted by equations 
in table 2. Mwazi dam sample is in the gibbsite field and Lake Chibumagwa is just undersaturated with respect 
to quartz. The sample from Kintinku village is in the pyrophyllite field just undersaturated for amorphous silica. 
 
0
1
2
3
4
5
6
7
-6,00 -5,50 -5,00 -4,50 -4,00 -3,50 -3,00 -2,50 -2,00
lo
g[
M
g2
+/
H
+]
log [aSiO2(aq)]
Kaolinite
Gibbsite
Quartz 
saturation
Pyrophyllite
66 
 
 
Figure 23: Theoretical stability diagram for calcium-silica system with stability fields depited from table 2. 
Mwazi dam sample is in the gibbsite field and Lake Chibumagwa is just undersaturated with respect to quartz. 
The sample from Kintinku village  is in the pyrophyllite field just undersaturated for amorphous silica. 
The uses of activity diagrams, also known as stability diagrams, are based on the assumption 
that solutions maintain chemical equilibrium with the secondary minerals and that the 
alteration products are well-defined solids with fixed composition (Drever, 1997). From these 
assumptions the activity diagram of calcium-silica, seen in figure 23, and magnesium-silica, 
seen in figure 22, systems show that kaolinite is most stable when it comes to mineral-water 
interaction in these systems. For the sodium-silicate and potassium-silicate system the results 
are more complex.  
In the potassium-silicate system, seen in figure 21, there are a lot of samples that are in the 
feldspar region or just at the boundary between feldspar and kaolinite. For these samples 
kaolinite is unstable compared to the K-feldspar.  
In the sodium-silicate system, seen in figure 20, a few has albite as the most stable mineral. 
Quite a few have so little sodium that kaolinite is the most stable alternation product in the 
mineral-water system. 
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6.1.7.2 Heavy metals in samples 
6.1.6.2.1 Arsen and lead 
There are two samples with concentration above WHO (2011) guideline value of 10 µg/L. 
The two samples are one shallow and one deep. When the concentration of arsenic is plottet 
against EC in figure 25, a weak trend emerge, showing increasing arsenic content with 
increasing EC, but the sample from Chipanga B are not explained by this trend. In figure 26 
there seem to be no correlation between the concentration of arsenic in the water and the 
depth of which the water sample have been collected below ground. From figure 24, where 
concentration of arsenic is plottet against pH a link appear between the two samples with high 
content of arsenic. They both have a pH around 9. 
Only one sample contain lead over the limit set by WHO (2011) and that is Londoni 3, 15/11, 
as seen in figure 27. Figure 28 show that the concentration of lead in the samples does not 
seem to be correlated with increasing EC. In figure 27 there seem to be a slight trend of 
decreasing lead content in the samples with increasing pH and almost no lead in the water 
samples after pH reach 8. 
 
Figure 24: Concentration of arsenic plottet against pH. The dashed line is WHO (2011) guideline value for 
arsenic in drinking water. 
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Figure 25: Concentration of arsenic plottet against electrical conductance. 
 
 
Figure 26: Concentration of arsenic plottet against depth of wells. 
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‘  
Figure 27: Concentration of lead plottet against pH. Det dashed lines is WHO (2011) guideline value for lead in 
drinking water. 
 
 
 
Figure 28: Concentration of lead plottet against electrical conductance. 
6.1.7.3 Saturation indices of minerals containing uranium 
From the output of PHREEQC the saturation indices of different Uranium minerals have been 
found. From table 4 it is clear to see that most of the samples are supersaturated for 
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Schröckingerite. Some of the samples are also supersaturated for Haiweeite and/or Soddyite, 
but not as much as Schröckingerite (Table 4). None of the samples are saturated for Carnotite 
or Coffinite (Table 4).  
The distribution of the water samples uranium content is shown in figure 27. The distribution 
of the samples shows that there are many wells from Manyoni and towards Chibumagwa and 
Msakile that contains highly elevated values of uranium. Above Saranda and Bubu faults, 
shown in figure 3, all but one shallow well have uranium content below WHO (2011) 
guideline, the exception is Mwazi dam which collect rain water. The well sampled south, 
Ivandaa, together with the wells to the southeast of Bahi Swamp are all low in uranium, with 
the exception of the two wells sampled in Bihawana (Figures 4 and 29). To the east of Bahi 
Swamp only shallow wells and a river have been samples. The well at Kigwe Railway Station 
and Nghulugano River both have high content of uranium, while the rest of the wells have 
very low values, below the WHO (2011) guideline value for uranium (Figures 4 and 29). The 
tow deep wells and the shallow well in Farkwa in Chenene mountains have very high values 
of uranium, while the rest of the wells, Mponde valley included, have low values of uranium 
(Figures 4 and 29). Msembeta, just upstream of Hika, is a deep well with high content of 
uranium. Udimaa is a deep well situated just where Bubu River and Mponde River are closest 
to each other, in the middle of the plain. Udimaa have high content of uranium. The shallow 
wells Maweni A and Kibadni has high content of uranium in the water.   
The speciation of the uranium ions was calculated by PHREEQC. The calculations showed 
that uranium ions were hexavalent compounds, forming negatively charged complex ions 
with carbonate, if no phosphate were present. 
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Figure 29: The distributions of uranium in deep and shallow wells respectively. 
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Table 4: Saturation indices for different uranium bearing minerals reported found in Bahi-Manyoni area. All 
values from calculations done with PHREEQC version 2.18.3. 
 Schroekingerite Coffinite Haiweeite Soddyite Carnotite 
 NaCa3UO2(CO3)3SO4F(H2O)10 USiO4 Ca(UO2)2(Si2O5)3:5H2O (UO2)2SiO4:2H2O K2(UO2)2(VO4)2 
Sample SI SI SI SI SI 
1/10 37,96 -8,16 -0,59 -2,19  
3/10 34,2 -11,36 0,49 -4,69 -12,68 
6/10 40,08 -10,06 1,21 -4,47 -10,89 
7/10 38,12 -10,29 1,1 -3,56 -9,04 
8/10 34,27 -11,41 2,31 -4 -10,63 
9/10 30,91 -8,68 -0,35 -2,91 -10,09 
10/10 33,75 -9,63 1,76 -2,75 -8,34 
11/10  36,73 -11,86 -0,65 -5,5 -12,82 
14/10 38,11 -11,2 0,17 -4,28 -10,27 
15/10 32,66 -8,11 1,04 -2,19 -9,98 
16/10 33,66 -8,62 1,68 -2,74 -7,99 
17/10 32,43 -9,02 -2,06 -2,9 -11,05 
19/10 28,03 -7,42 -0,26 -2,08 -9,53 
20/10 40,84 -6,81 7,2 1,37 -4,37 
21/10 1,76 -5,51 3,79 2,13 -3,64 
22/10 37,49 -11,44 -0,83 -4,87 -11,07 
23/10 37,76 -7,51 5,21 1,14 -6,07 
24/10 37,8 -7,49 4,82 1,2 -6,17 
25/10 38,08 -6,73 5,57 1,78 -4,73 
26/10 34,45 -8,38 3,14 -0,72 -7,97 
27/10 36,24 -10,11 2,4 -2,63 -11,31 
28/10 33,34 -6,88 3,37 0,35 -8,57 
29/10 34,07 -10,47 -1,43 -4,08 -14,94 
30/10 34,36 -10,18 -1,03 -3,75 -13,56 
31/10 37,13 -9,62 2,66 -1,89 -9,85 
32/10 37,97 -9,36 2,12 -1,77 -9,24 
33/10 38,78 -9,38 2,26 -1,73 -10,08 
34/10 23,24 -7,52 -4,58 -4,18 -10,18 
35/10 36,88 -10,17 1,89 -2,06 -10,4 
36/10 37,41 -11,14 -0,46 -4,43 -11,83 
37/10 36,59 -9,8 5,55 0,07 -10,77 
38/10 36,99 -9,94 3,42 -2,2 -9,83 
40/10 34,42 -13,91 -6,41 -9,19  
41/10 38,13 -9,08 4,3 -0,72 -10,11 
42/10 36,52 -10,49 1,03 -3,88 -11,3 
43/10 37,2 -11,08 0,04 -4,9 -13,27 
44/10 38,37 -9,71 2,74 -1,6 -10,63 
1/11 36,22 -5,94 4,11 1,51 -4,56 
7/11 38,25 -8,03 0,41 -1,9 -10,3 
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8/11 35,27 -16,93 -10,66 -10,82 -16,44 
9/11 38,39 -7,68 1,51 -1,76 -6,58 
10/11 37,4 -8,13 1,36 -1,17 -8,71 
11/11 36,39 -7,9 1,27 -1,68 -7,78 
13/11 34,48 -10,05 -3,72 -5,87  
15/11 32,66 -8,11 1,04 -2,19 -9,98 
16/11 37,98 -5,7 2,04 -0,11 -6,14 
17/11 34,25 -7,89 -1,2 -3,12 -8,11 
18/11 37,75 -8,58 1,54 -1,51 -10,95 
19/11 36,22 -4,75 3,3 1,23 -5,47 
21/11 35,92 -5,27 3,15 1,52 -4,2 
 
6.1.7.4 Saturation indices for minerals from water samples 
In appendix E the saturation indices of 27 minerals are shown for the independent sample.  
Fluorite is near saturation or supersaturated for all samples. 
The carbonates alstonite, calcite, dolomite, magnesite, monohydrocalcite, strontianite and 
witherite are all shown to be near saturation or supersaturated. 
The sulphate barite is saturated or near saturation for all saples, while gypsum is 
undersaturated in all samples. 
There is not phosphate in all samples, but in the one containing phosphate the samples are 
supersaturated for fluorapatite and near saturation or supersaturated for hydroxylapatite. 
The magnesium silicate talc is supersaturated to saturated for 32 of the samples checked. 
Chrysotile  and sepiolite have little less variation in the numbers but are supersaturated for 
about half of the samples and vice versa. Antigorite is either very supersaturated or 
undersaturated in the samples and has the least number of samples saturated for it. 
The Silica mineral quarts are saturated for all samples except the samples 8/11, Lake 
Chibmagwa and sample 20/11, Mwazi dam. Calchedony is near saturation or slightly 
oversaturated for all samples. Zircon is supersaturated for all samples containing the zircon. 
Different trace elements are saturated for their oxide element. Anatase is oversaturated for all 
samples. Baddeleyite is close to saturation for all samples containing zircon. Strontianite is 
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oversaturated or close to saturation for all samples. Thorianite is supersaturated for all 
samples containing thorium. 
6.1.8 MiniTab: Multivariate  
6.1.7.1 Cluster Analysis for variables 
The cluster analysis was performed on the data to see if there statistically could be derived a 
relationship between the different variables which could be used to find a hypothesis about 
which hydrochemical processes that are important for the water chemistry in the area. 
6.1.7.1.1 Deep wells 
From the dendrogram it was found that the variables had been divided into 5 main groups, 
labeled A to E in figure 28.  
The groups B and D only contained one variable each. It was therefore assumed that these two 
variables did not take part of the main processes forming the water types, but has independent 
processes when it come to increases or decreases of concentration. The two groups are to 
some point related to group C. It might be that they have the same source or process for 
coming into the water and then follow different paths. 
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Figure 30: Dendrogram showing the grouping of variables for the deep wells in the study area. 
Group A show that chloride, sodium and sulphate varies together with EC and, to a lesser 
degree, so do alcalinity. This indicates that when EC increases due then so do the 
concentration of chloride, sodium and sulphate. Alcalinity might generally behave like this 
but it might take part in another process like precipitation to. 
Group C consists of Ca, Sr and Mg and indicates that they behave similar to each other during 
different processes. It could be that they precipitate as the water get higher concentration, or 
that they have a similar source of mineral that they are derived from. 
Group E has pH, As and F. This can indicate that the concentration of As and F is governed 
by the pH. 
6.1.7.1.2 Shallow wells 
The variables for the shallow wells got divided into three main groups, labeled A to C in 
figure 29. 
Group A show that the concentration sodium, chloride, arsen, alcalinity and to a lesser degree, 
uranium and potassium are influenced mainly by the EC. This is indicative for increase in 
concentration as water gets concentrated. Since this is shallow groundwater then it is probable 
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that the process governing the concentration of these variables is evaporation. Uranium and 
potassium are also having other factors influencing on the value. For uranium this could be if 
the water has been in contact with source mineral. Since potassium is not as closely linked 
with EC as the others in group A, there could be a sink of some sort in the system. This could 
be ion exchange or biological uptake of potassium. 
 
Figure 31: Dendrogram showing the grouping of variables for the shallow wells in hte study area. 
Group B indicates that pH and fluoride changes together but they are also slightly influenced 
by the processes controlling the concentration in group A. 
Group C consist of calcium, magnesium, sulphate and strontium. There can be a common 
source of these minerals in the system or precipitation of minerals which consist of these 
variables. 
6.1.8.2 Cluster Analysis of observations 
Cluster analysis of the observations is done to see if the different wells can be placed into 
groups. When plotting the groups on a map, this can give indications if there are similar 
processes governing wells in similar environments, and it is also indicative of which routes 
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the water takes in the catchment. It is also possible to get a first understanding of which 
processes are important in the different areas of the catchments. 
6.1.8.2.1 Deep wells 
The water samples from deep wells in Bahi-Manyoni area were grouped in six main water 
groups, labeled I to VI and group II was then divided into two subgroups, a and b, as seen in 
figure 32. 
 
Figure 32: Dendrogram showing grouping of deep wells after their water chemistry. 
Group I consist of only one well, Chipanga B. The well have an arsenic content of 65,4 µg/L. 
The water type is Na-HCO3 and it has high fluoride content but low content of uranium, 
values from table 5. 
Group II have been divided into two subgroups. Group II a have water type Na-Ca-(Mg)-
HCO3-Cl while group II b have water type Na-Cl-HCO3 (Table 5). Group II a have high 
fluoride content, low in arsenic and pH between 7 – 7,5 and medium to high uranium content 
(Table 5). Group II b has EC around 2000 µS/cm, slightly higher pH and are low in arsenic 
and uranium (Table 5).  
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Group III have water type Na-Ca-HCO3, Na-Ca-Cl-HCO3-(SO4). pH is between 7 and 7,5. 
Low in fluoride, arsenic and uranium (Table 5). 
Group IV have water type Na-Ca-Cl-HCO3 (Table 5). pH is between 7 – 8. Low in fluoride 
and arsenic and high in uranium (Table 5). 
Group V has water type Na-Ca-Cl-HCO3 (Table 5). EC between 1500-2500 µS/cm and 
medium content of fluoride, high in strontium and uranium (Table 5). 
Group VI consist of only one well and it has a water type of Na-Cl-SO4-HCO3 (Table 5). It 
has a high content of uranium and EC over 4000 µS/cm (Table 5). 
Table 5: The wells and their parameters divided into the groups depitced by the dendrogram in figure 32. 
 
The different water groups, that the cluster analysis grouped the wells in, were plotted on a 
map shown in figure 33.  
Group I consist of only the deep well in Chipanga B. This well follows the pathway of the 
wells in group II, during the cluster analysis, but is singeled out by the very high arsenic 
content it contains. 
Group II is divided into two subgroups. Group II a is in the highlands (Figure 33). The wells 
of this group are found in the Chenene hills to the north, between Kapiti and Sukamahela to 
Sample EC pH Na K Ca Mg Cl SO4 Alc. F As Sr U
I 
3/10 904 8,94 219 1,2 7,2 2,52 28,04 24,99 8,70 9,79 65,4 117 13,9
II a
27/10 666 7,21 76 1,41 23,8 23,9 45,60 13,30 5,28 9,39 0,06 310 28,8
31/10 1580 7,45 166 4 109 33,8 222,85 16,00 5,46 5,73 0,21 880 77,2
32/10 1298 7,34 137 5 75 32,3 135,22 73,50 5,46 4,76 2,32 1030 94,5
37/10 788 7,55 93 2,4 26,7 10,5 140,36 13,80 1,81 4,87 0,15 420 61
38/10 922 7,29 118 4,5 57 14,3 87,30 51,50 5,81 5,11 0,23 630 66,2
41/10 1124 6,86 83 2,3 77 40 152,83 37,10 4,47 5,52 0,09 670 171
42/10 1539 7,29 159 3,6 107 53 119,99 26,00 10,89 5,57 0,59 290 77,5
II b
35/10 2210 7,49 340 5,6 41 51 319,75 117,74 8,11 5,45 0,26 1030 17,2
36/10 1728 7,98 330 4,3 33 17,3 227,77 195,72 6,69 6,17 2,71 880 15,4
24/11 2130 7,25 367 3,31 94,7 24 353 247 7,725 0,66 0,36 1070 4,46
III
10/11 912 7,58 129 5 56,3 5,27 98,1 81,3 4,6 2,36 0,13 1550 49,8
11/11 1058 7,38 136 5,31 65 22,4 145 157 3,47 1,21 0,1 670 10
12/11 1021 7,51 139 5,84 47,8 16,9 122 129 3,583 1,25 0,16 570 15,8
13/11 841 7,36 71 6,8 53,6 31,7 40 63,8 6,613 0,49 0,56 280 0,436
14/11 753 7,6 79 7,16 54,7 26,3 41,2 21,3 6,4765 0,61 0,33 300 2,36
15/11 866 7,05 95 10,33 77,2 21 43,5 6,82 7,98 0,62 2,46 460 15,2
17/11 787 7 49,1 7,59 50,4 45,8 86 63,6 3,9659 0,67 0,07 710 2,05
IV
1/11 837 7,2 90 3,66 49,2 5,83 108,5 40,6 2,2547 0,72 0,24 430 124
2/11 721 7,3 103 4,47 51,8 7,79 132 44,2 2 0,77 0,49 450 114
3/11 803 7,3 100 4,84 55,8 7,27 128 45 2,11 0,71 0,37 460 157
4/11 798 7,27 118 4,78 51 7,94 142 51,2 2,33 0,79 0,46 430 182
5/11 644 7,6 83 3,99 44,7 2,42 93,1 61,3 1,89 0,91 0,73 410 96,3
6/11 651 7,9 95 4,26 41 4,5 95,3 60,4 1,83 0,92 0,52 350 97,8
V
33/10 2210 7,4 260 5,9 78 57 296,40 71,30 6,29 4,97 2,53 1340 200
7/11 2590 7,25 307 4,16 196 55,3 629 197 4,48 1,51 0,46 1700 25,8
16/11 2520 6,68 263 5,2 215 67 656 32,8 6,51 2,03 0,33 1780 186
19/11 1528 6,56 161 7 143 28,1 369 12,2 3,2871 0,68 0,13 1080 170
VI
9/11 4060 7,28 970 6,59 42,8 10,22 690 628 11,9 0,96 1,45 1100 200
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the west and at Bihawana Secondary School to the east (Figures 4 and 33). Group II b is all 
situated in the large valley draining into the Bahi Swamp from the south (Figure 33). The 
wells are located at the edge between the valley sides and the floor of the valley. 
Group III is situated along the faults of Bahi and Bubu, to the southwest and west of the area, 
and along the fault of Mponde (Figures 3 and 33). 
Group IV is wells from just outside of Manyoni town at Mitoo (Figure 33). All the wells are 
deep wells drilled just a few hundred meters apart.  
Group V consist of four wells. Bihawana private well is situated east of Bahi Swamp, while 
the other three are on the western side, but spread out (Figure 33). Msemembo is upstream of 
the Hika springs. Mwazi is just outside Manyoni town and Chibumagwa is situated just down 
from the Bubu fault, south of Mbwasa (Figures 4 and 33). 
Group VI consist of only one well, Udimaa (Figure 33). It is in the middle between Chenene 
Hills in the north and Bahi Swamp in the south (Figure 4). 
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Figure 33: Map over the distribution of the groups depicted in figure 32 for the deep wells in the study area. 
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When the wells are plotted in the Piper diagram, shown in figure 34, after water groups the 
patterns are not obvious. Group IV are very gathered as would be expected of wells drilled so 
close to each other (Figure 34). Group II b are also more based on water type while group I 
and II a are more mixed and not readily distinguished in the Piper diagram (Figure 34).  
 
Figure 34: Piper diagram where the wells have been labeled after which group they belong to in figure 32. 
 
6.1.8.2.2 Shallow wells 
The shallow wells were grouped into 4 main water groups, labeled I to IV, as seen in figure 
33. Group I and II was also divided into two subgroups, labeled a and b (Figure 35). 
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In group I all had the main cation sodium, but the main anions are found to spread from Cl, 
Cl-HCO3, Cl-HCO3-SO4 and Cl-SO4 (Table 6). All the wells had high fluoride concentrations 
(Table 6). Group I a have pH between 7 to 9 (Table 6). Group I b have lower pH, between 6 – 
7 (Table 6). The EC of the samples was generally lower too, between 130 – 800 µS/cm (Table 
6). 
 
Figure 35: Dendrogram showing the grouping of shallow wells in the study area, based on their water chemistry. 
Group II a also had a variation on the anions side from HCO3, Cl-HCO3 to Cl-HCO3-SO4, but 
the main cation was sodium (Table 6). The pH ranged between 5,5 – 6,5 and the wells had 
low fluoride content (Table 6). 
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Figure 36: Map with the water groups depicted for the shallow wells in figure 35 drawn on it. 
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Group II b had water type Na-Ca-(Mg)-Cl-HCO3-(SO4) (Table 6). The pH ranged from 6,9 – 
8 (Table 6). The two wells, 44/10 and 21/11, are divided into a small undergroup due to a very 
high content of uranium (Table 6). 
Table 6: The shallow wells and their parameters divided into the groups depitced by the dendrogram in figure 35. 
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Group III have a water type of Na-Cl-SO4 and pH between 7 and 8 (Table 6). The EC is 
around 10000 to 12000 µS/cm and the fluoride content is high too (Table 6). 
Group IV contains only one well, Chibumagwa lake, which have water type Na-Cl. The pH is 
9,3 and the EC is 23000 µS/cm. Uranium and arsenic content is high in this well. 
When the different water groups from the shallow wells dendrogram are plottet in a map, 
clear patterns emerge on where the groups are found, as seen in figure 36. The main 
difference between the two large groups I and II is their fluoride content. Group I have high 
fluoride content, while group II have a low content of fluoride. The water type was mainly the 
same, a Na-Cl-SO4 type. 
Group I is divided into two subgroups. Group I wells are mainly found from Bahi and 
eastward (Figure 36). Here the two subgroups are mixed and two wells in the same village can 
belong to different subgroup, like in Kigwe village and Ibihwa village. Towards west the 
shallow wells in Mponde River system all belong to group I a  (Figure 36). In the north end it 
is the Msule spring and to the west it is the Hika springs (Figures 4 and 36). The two samples 
from just before the Mponde River enters Bahi Swamp, also belongs to I a  (Figures 4 and 
36). Down from Manyoni and towards Kilimatinde, two shallow wells have been samples and 
they belong to the subgroup I b  (Figure 4 and 36). 
Group II are mainly found where bedrock protrudes up from the ground or in the mountains  
(Figure 36). The exception from this is the three wells from Maweni to Kintinku village  
(Figures 4 and 36). The wells Maweni B and Tambaliza where coming out of sedimentary or 
strongly weathered rock. The water where flowing out from the rock, which actually was 
situated underground, and down to small pools dug by the people in the area. The wells were 
called springs by the people in the area. The well in Kintinku village had a pump on it and 
was covered. It had a hole in the top where it was possible to see into the well and check the 
water depth. The water had the same greyish milky colour seen in Maweni B and Tambaliza. 
The spring at Msakile, close to the fault at Chibumagwa, and the spring at Sukamahela Line 
also belonged to group II. The spring at Sukamahela Line came out of sedimentary rock and 
was gathered in a small pool that had been dug out. 
Group III and IV are spread out  (Figure 36). Group III consist of one river sample and one 
shallow well. They are both very brackish.  Group IV consist of Chibumagwa Lake and it is 
saline with EC around 23000 µS/cm.  
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When the water groups are plotted in the Piper diagram shown in figure 37, it is clear to see 
that the groups are not mainly divided by water types from the main ions.  If so was the case, 
group two would have consisted of only half of the samples in the group. The second half of 
the group would have been divided into two other groups with the wells of group I divided 
into them (Figure 37). Still it is clear that the wells in group III belongs to the same water type 
in the Piper diagram (Figure 37).  
 
Figure 37: Piper diagram with the shallow wells labeled after the water groups depicted in figure 35. 
6.1.8.3 Principal Component Analysis 
In principal component analysis one assumes that most of the variability among the samples 
can be explained by a reduced number of variables and can indicate grouping of variables 
which can make it easier on finding physical interpretation of the data composition. The 
variables have to be correlated. The component analysis does not work with uncorrelated 
variables. The method does not assume any particular distributions of the data. 
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6.1.8.3.1 Deep wells 
From the principal component analysis it was found that 4 components accounts for 
approximately 84 % of the variations in the dataset for deep wells as shown in table 7. The 
first principal component (PC1) accounts for nearly 40 % of the total variance, PC2 almost 20 
%, PC3 for 14 % and PC4 for 10,5 % (Table 7). 
PC1 has highest positive scores with the variables EC, sodium, chloride, sulphate and 
strontium (Table 7). 
PC2 has highest positive score for calcium. It has highest negative score for the variables 
arsenic, fluoride, alkalinity and sodium (Table 7).  
PC3 has high positive score with the variables magnesium, fluoride and calcium. It has 
negative score for sulphate and postassium (Table 7). 
PC4 has high positive score for potassium and alkalinity and high negative score for uranium 
(Table 7). 
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Table 7: Variables correlation with the variance explained by the different principal components for the deep 
wells. The eigenvalues and proportion of variance explained by each principal components is found beneath 
together with the cumulative proportion of variance explained by the principal components. 
 
From the loading plot of the scores of PC1 against PC2, in figure 38, it is clear to see that 
potassium is negatively correlated with pH. Arsenic, fluoride and pH all ends up in the same 
area away from the other variables (Figure 38). They also made their own group, called E, in 
the dendrogram during cluster analysis (Figure 30). The placement of the variables in the 
loading plot does correlate very well with the dendrogram for variables in the cluster analysis 
(Figures 30 and 38). 
Variable PC1 PC2 PC3 PC4
EC 0,441 -0,15 -0,007 -0,018
pH -0,074 -0,197 -0,015 0,009
Na 0,371 -0,308 -0,244 -0,056
K 0,114 0,298 -0,314 0,533
Ca 0,28 0,322 0,354 -0,008
Mg 0,242 0,17 0,491 0,298
Cl 0,432 0,019 0,039 -0,177
SO4 0,315 -0,247 -0,418 -0,023
Alc. 0,232 -0,37 0,083 0,441
F -0,075 -0,421 0,478 -0,068
As -0,106 -0,452 0,173 -0,008
Sr 0,36 0,152 0,182 -0,073
U 0,16 0,136 -0,03 -0,622
Eigenvalue 4,7904 2,4109 1,7358 1,2792
Proportion 0,393 0,198 0,142 0,105
Cumulative 0,393 0,591 0,734 0,839
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Figure 38: Loading plot of the different variables for the two first principal components for deep wells in table 7. 
In the score plot of the two first factors, shown in figure 39, it is clear that the wells divide up 
just as they did in the dendrogram for observations in the cluster analysis (Figure 30).  
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Figure 39: Score plot of the variables in table 7 for the two first principal components with the water groups for 
deep wells found in figure 32 drawn on it. 
6.1.8.3.2 Shallow wells 
From the component analysis it was found that three principal components accounted for 
nearly 86 % of the variation, as seen in table 8. PC1 accounted for nearly 58 %, PC2 for 10 % 
and PC3 for just over 9 % of the variation in the dataset for the shallow wells (Table 8). PC1 
has a positive score for all variables, but the highest score has the variables EC, sodium, 
chloride and arsenic (Table 8). PC2 has the higest positive score for the variable alkalinity, 
while it has the highest negative score for calcium, magnesium and strontium (Table 8). PC3 
has the highest positive score for uranium while it has a strong negative score for fluoride and 
pH (Table 8). 
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Table 8: Variables correlation with the variance explained by the different principal components for the shallow 
wells. The eigenvalues and proportion of variance explained by each principal components is found beneath 
together with the cumulative proportion of variance explained by the principal components. 
 
The loading plot, shown in figure 40, of PC1 against PC2 gives two distinct groups. The 
groups correspond well to the two main groups in the dendrogram for variables in cluster 
analysis, group A and C (Figures 31 and 38). The group B, in the dendrogram for variables, is 
not seen in this loading plot, except that both pH and fluoride are not wholly into any of the 
two groups (Figures 31 and 40). If PC1 against PC3 had been plotted they would have formed 
their own group, as seen in the figure 31 and table 8. 
Variable PC1 PC2 PC3
EC 0,358 0,089 0,025
pH 0,198 0,187 -0,436
Na 0,343 0,186 0,024
K 0,257 0,123 -0,171
Ca 0,217 -0,48 0,127
Mg 0,243 -0,454 0,102
Cl 0,338 0,213 0,074
SO4 0,296 -0,267 -0,085
Alc. 0,299 0,324 -0,021
F 0,059 -0,133 -0,775
As 0,333 0,136 0,063
Sr 0,256 -0,442 -0,025
U 0,269 0,134 0,367
Eigenvalue 7,4852 2,4506 1,2259
Proportion 0,576 0,189 0,094
Cumulative 0,576 0,764 0,859
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Figure 40: The loading plot of the variables for the first two principal components for the shallow wells found in 
table 8. 
In the score plot of variables shown in figure 41, where PC1 have been plotted against PC2 
for the different wells, it is clear that water group I and II from the dendrogram of 
observations, cannot be distinguished from each other (Figure 33). The other two groups form 
outliers, just as in the dendrogram (Figures 33 and 39). Group IV consist of a sample from a 
lake and group III consist of a river sample and a shallow well (Table 6). 
93 
 
 
Figure 41: Score plot of the variables in table 8 for the two first principal components with the water groups for 
deep wells found in figure 35 drawn on it. 
 
6.2 Sediment samples 
6.2.1  XRD 
From the bulk analyses of 30 sediment samples shown in table 9, it was found that the main 
composition of the sediments was made up by residual weathering products quartz, 
plagioclase and K-feldspars. The secondary minerals kaolinite and illite/montmorillinte were 
also abundant in most samples (Table 9). The presents of carbonates like calcite and 
dolomite/ankerite indicates that most samples come from a water-mineral system where there 
is precipitation of carbonates (Table 9).  
In sample 10.1 only K-feldspar, illite/montmorillonite and realgar was identified during 
analysis of XRD data (Table 9). 
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Sample 1.1 contained siderite and had the secondary clay mineral illite/montmorillonite as 
main constituent, thereafter the residuals K—feldspar and plagioclase and a little 
dolomite/ankerite (Table 9). 
Table 9: XRD results for sediment samples from the study area. The numbers give an indication of the amount of 
each mineral in the samples with no. 1 being the mineral with highest content and 6 the one with lowest content 
of the different minerals identified in the samples. 
Sample Quartz Plagioclase K-feldspar Calcite Kaolinite Dolomite/Ankerite Illite/Mont. Siderite Realgar 
1.1  2 3   4 1 5  
2.1 5 1 2 3 4 6    
3.2 5 1 2 3 4 6    
4.1 5 1 2 3 4 6    
6.1 1 3 2       
9.1 1 3 2       
10.1   2    1  3 
11.2 5 1 2 3 4     
14.3 5 1 2 3 4     
16.1 5 1 2 3 4 6    
17.1 5 1 2 3 4 6    
18.1 5 1 2 3 4 6    
19.1 5 1 2 3 4     
22.2 5 1 2 3 4 6    
26.1 5 1 2 3 4 6    
28.1 5 1 2 3 4     
29.2 5 1 2 3 4 6    
30.2 5 1 2 3 4 6    
32.1 5 1 2 3 4 6    
34.1 5 1 2 3 4 6    
36.1 5 1 2 3 4 6    
37.1 5 1 2 3 4 6    
38.2 5 1 2 3 4 6    
40.2 5 1 2 3 4 6    
40.6 5 1 2 3 4 6    
41.2 5 1 2 3 4 6    
42.3 5 1 2 3 4 6    
43.1 5 1 2 3 4 6    
46.2 5 1 2 3 4 6 7   
47.2 5 1 2 3 4 6 7   
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6.2.2 Soil types and the corresponding hydraulic conductivity and 
porosity 
Well sorted samples consisting mainly of sand have a K over 1.5 km/year and porosity around 
20 to 25 %. The poorly sorted sandy loams, loamy sand and silty loam have a low K of only a 
few meters a year and down to a few centimeters and a porosity mainly around 10 %. Sorted 
sand has a K from over 200 to 1000 m/year and porosity between the other two groups. All 
information regarding each individual sediment sample can be found in appendix D. 
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7 Discussion: 
7.1 Main water chemistry 
7.1.1 Main ions 
The scatter-plot of sodium against EC in figure 6, indicates that there is an additional source 
of sodium, than just rainwater, in the area, because most samples contain more sodium than 
chloride. This is indicative of weathering of minerals like albite. In the cluster analyses of 
variables alkalinty was found to correlate with sodium for both shallow and deep wells, 
meaning that an increase in sodium are correlated with an increase in alkalinity. The 
weathering of albite releases sodium, bicarbonate and kaolinite into the system (Drever, 1997; 
Nkotagu, 1997; Appello and Postma, 2009) and in the activity diagram for the sodium-silicate 
system most samples are undersaturated for albite while in equilibrium with kaolinite. This 
indicates that albite will continue to weather in contact with these samples, until equilibrium 
is reached for albite in the samples.  
The scatter-plot of potassium against EC in figure 8, indicates a sink of potassium, either 
through precipitation or perhaps due to biological uptake (Appello and Postma, 2009). There 
are also some samples where potassium is kept in solution even as the water increases in EC 
(Figure 8). This could be due to a source of potassium in the area or very little loss of 
potassium as the water get upconcentrated if the sample are from a deep well where little 
biological activity occur or in the dry period of the area when biological activities often are 
low. In the activity diagram of potassium-silicate system given in figure 21, most of the 
samples seem to be in equilibrium with K-feldspar, meaning that no or little dissolution of this 
mineral occurs (Drever, 1997; Appello and Postma 2009). Most of the samples are also 
saturated for muscovite and kaolinite (Figure 21). From this it seems that little additional 
potassium is added to the system through weathering of feldspars. In the multivariate statistics 
potassium are generally not much correlated to other cations, meaning that the main process 
governing the amount of potassium is not the same as for the other ions, nor is it correlated to 
pH and the correlation with EC is weak (Figures 30 and 31, tables 7 and 8).   
The scatter-plots of magnesium against EC in figure 9, and calcium against EC in figure 10, 
both follow the same pathways. There is an increase of both together with EC until a 
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threshold is reached. There the concentrations seem to level out for the cations and as EC 
increases even more the amount of magnesium and calcium in solution starts to decrease. This 
indicates that both increase in solution due to dissolution-weathering combined with 
evaporation, but that the system also have a sink, either in form of precipitation or ion-
exchange.  In the flow diagram in figure 19 the chemical pathways of the sample solutions are 
indicated and for almost all the pathways precipitation of calcite, dolomite, talc and sepiolite 
occurred. Sediment samples analyzed by XRD contained calcite and dolomite. From the 
activity diagrams it is clear that the samples are in equilibrium with kaolinite and strongly 
undersaturated for other clays, represented by pyrophyllite (proxy component for Al-rich 
smectites) (Figures 22 and 23). This indicates that most water samples are not in contact with 
smectites or montmorillonite type of clays (Drever, 1997). The cation exchange capacity of 
kaolinite is very low compared to these swelling types of clays and therefore is ion exchange 
very unlikely to be a main controlling process of the content of magnesium, calcium and also 
sodium concentration in the water samples (Drever, 1997; Appello and Postma, 2009). 
However in the cluster analysis for shallow wells, magnesium and calcium are strongly 
correlated with sulphate and not with carbonate/alkalinity (Figures 30 and 31). From the flow 
diagram in figure 19 it is evident that more than half of the samples contain much more 
bicarbonate than magnesium and calcium combined. Also in most of the other samples 
bicarbonate is high compared to either calcium or both of the cations (Figure 19). From the 
calculations done in PHREEQC it was found that gypsum was undersaturated in the samples 
(Appendix E). Therefore dissolution of this mineral will occur if it comes in contact with the 
water from the samples. Next ofter carbonate sulphate is also the anion which precipitate 
easily, however there was not identified any sulphate bearing minerals in the sediments and 
sediment samples analysed by ICP-MS, given in appendix C, are not containing much sulphur 
in general, but locally it can occur. This indicates that most samples precipitates carbonate 
bearing minerals, but not sulphate bearing minerals. More than half of the samples are also 
saturated for magnesium silicates like sepiolite (Appendix E). Sepiolite precipitate readily 
from solution when saturated (Drever, 1997;Appello and Postma, 2009). It has also been 
found in other rift controlled basins in Tanzania, further north in the country (Deocampo, 
2005). Calcium readily binds with fluoride to form fluorite and the calculated saturation 
indices for fluorite show that most samples are saturated or near saturation for fluorite 
(Appendix E).  
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The scatter-plot of sulphate with EC shows that there is a trend of increasing sulphate 
concentration with increasing EC (Figure 12). In both the cluster analyses and the principal 
components analyses for deep wells, sulphate is found to correlate strongly with sodium, 
chloride and EC (Figure 30 and table 7). For the shallow wells sulphate is associated with 
calcium, magnesium and strontium (Figure 31 and table 8). This indicates that sulphate is 
governed by two different processes in the different wells. Most likely up-concentration in 
deep wells and either dissolution or precipitation in the shallow wells. 
7.2 Challenges in the area 
Four parameters were chosen to look deeper into, due to the health risks they might pose to 
the population in the Bahi-Manyoni basin.  
The parameter lead were found to be over the WHO (2011) guideline in only one well, 
Londoni 3, 15/11. This well is a newly drilled well which is sealed. It is not in use and the 
water table is more than 50 meters below ground. When the well was sampled a bailer had to 
be used, so there was no flushing of the well to stabilize the parameters before sampling was 
performed. Due to the stagnant water that the sample contain and the fact that it is not in 
regular use and that it was newly drilled, there are so many reasons to why the sample 
contained elevated levels of lead. The uncertainties are too high for any real discussion of this 
elevated sample.  
When lead is plotted against pH there is indication that there is a sorption edge around pH 7.5 
to 8 (Figure 27) (Appello and Postma, 2009). The highest lead content is in the water below 
this pH, but not in significant amounts with regards to the WHO (2011) guideline for lead. 
7.2.1 Fluoride 
The reason for choosing fluoride as one of the four parameters is due to the adverse health 
risks it can inflict. The area is known for high fluoride content in the drinking water and most 
wells have a concentration above WHO (2011) guideline. Further north in Tanzania, in the 
internal drainage basins of Lake Eyasi and Lake Manyara, both dental and skeletal fluorosis 
occur (Nielsen and Dahi, 1995). There was however only one meeting with a girl having 
dental fluorosis during the sample period and the girl was only visiting, originating from north 
in Tanzania. It seems that even though the drinking water contains a lot of fluoride, the uptake 
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is too little to give any easily detectable signs. The reason for this requires further and more 
specific studies. 
7.2.2 Arsenic 
When arsenic is plottet against depth, there is no clear indication that concentration increases 
with depth, the exception being Chipanga B, 3/10 (Figure 25). Two water samples contain 
more arsenic than WHO recommends. Those are Lake Chibumagwa and Chipanga B. The EC 
is 23 000 µS/cm for Lake Chibumagwa, while Chipanga B only has EC of 904 µS/cm 
(Appendix C).  
Chipanga B, sample 3/10, is a deep well close to the lowest point in the Bahi depression. The 
water is quite fresh with an EC of 904 µS/cm. Therefore, the weak trend of increasing arsenic 
concentration with increasing EC cannot explain the high value of arsenic in the sample from 
Chipanga B. Chipanga B has a pH of 8.94. The samples upstream of Chipanga B have a pH of 
7.4 (32/10 and 33/10) for the deep wells and 5.45 for the shallow well, 34/10. Both of the 
deep wells have arsenic content of around 2.5 µg/L and high EC of 1300 mS/cm and 2200 
respectively, while the shallow well have an arsenic content of only 0.3 µg/L and an EC of 
only 177.7 µS/cm (Appendix B).  
It seems that the weak trend, seen in figure 24, can explain the arsenic content in the upstream 
wells, with regards to the pH they have. The reason for the high value at Chipanga B must be 
something else governing the arsenic content in the water at this spot. 
Appello and Postma (2009) have an example on how arsenic get adsorbed on ironhydroxides 
like goethite. If the groundwater in the area follows the surface water in the direction of flow, 
then the acidic water of well 34/10 will eventually reach Chipanga B. In solution it contains 
only 0.3 µg/L of arsenic, but from Appello and Postma (2009) it is shown that for this sample 
more than 70% of the arsenic will be sorbed onto goethite, if goethite is suspended in the 
water. That means that an additional 0.7 µg/L arsenic arrives with the water from 34/10. For 
the two other wells with neutral pH, the goethite here can hold in excess of 60 % arsenic 
sorbed, meaning that the water here can contain an additional 3.3 µg/L of arsenic. At such a 
high pH goethite can only hold about 40 % of the arsenic sorbed and the rest is desorbed 
(Appello and Postma, 2009). This desorption at Chipanga B can lead to an up-concentration 
of arsenic and hence such a high value as found at Chipanga B.  
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Another reason for the up-concentration of arsenic only at Chipanga B, is that the well can 
have been drilled straight into an enrichment of iron-oxide bound arsenic and that the 
reducing conditions, due to depth, favors dissolution of the iron-oxide and thereby the release 
of arsenic. The high pH together with anaerob conditions may then be the reason for the high 
concentration of arsenic in the water phase. This can also explain why Chipanga B and the 
wells upstream of Chipanga, have a very high percentage of sulphate compared to alkalinity 
(Appendix B). The sulphate concentration nearly equals that of chloride at Chipanga B. The 
high sulphate concentration can also be the factor that buffers the solutions against drop in pH 
as shown in the equations for buffer capacity in section 5.2.1. The shallow well 34/10 have a 
much lower sulphate concentration percentage wise than the other wells, but also a low 
alkalinity and arsenic level and the pH is acidic. 
The high value at Chipanga B is most likely a combination of the two explanations above. 
The arsenic sulfide mineral realgar was identified by XRD in the sediment sample from 
Msembeta, (sample 10.1 in table 9), which is situated a bit further north towards Dodoma and 
in the same mountain range (Figure 4).  
7.2.3 Uranium 
During late 1970 and early 1980 radiometric surveys was carried out by the use of airplanes 
over the study area, as seen in figure 42. The image depicts the relative distribution of 
uranium in the study area but unfortunately, the image is without scale. The image display 
near surface lithology and cannot be used to depict values of high concentration of uranium in 
deep wells. The fault lines of Saranda, Bubu, Mponde and Sansawa have low values of 
uranium. The higher areas uplifted by Bahi fault, in the bottom of the picture and high values 
at the plateau around Manyoni and towards Killimatinde are found in the western part of 
figure 42. In the northern end of the picture the start of the Chenene Hills are depicted by 
elevated uranium values except where Bubu faults begins to cross it (Figures 3 and 42). Just 
north of Bahi Swamp there is an area of elevated values in the radiometric image before 
another area of low values, just like in Bahi Swamp is found.  
When the hydraulic conductivities, denoted K, given in appendix D, are used to look at the 
spread of high and low levels of uranium, together with watercourses in the area, then patterns 
emerge (Figure 3 and 42). The low values associated with Mponde fault and Bubu fault in 
picture 42, are the faults of which the two major tributaries to Bahi Swamp goes. In appendix 
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D estimated K values for sediment samples from riverbanks, riverbeds and area around wells 
not in direct contact with a watercourse are reported. It has been found that the hydraulic 
conductivity is much larger in the riverbeds than in other areas.   
 
Figure 1: Radiometric map over Bahi-Manyoni area from airborne geophysical surveys conducted as part of the 
countrywide airborne survey conducted in 1976 – 1980. No scale was provided with the picture for the measured 
content of uranium, but blue are low values and red towards lilac is high values. Modified from UDSM PITRO 
presentation in may 2012. 
The uranium content is believed to originate from weathering of the granites in the area. The 
uranium are then transported away by water and deposited when the flow starts to slow down 
due to gradient loss, increase friction or just due to evaporation of the river water. The rivers 
in this area are ephemeral, meaning that they only flow on the surface at specific times in the 
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year when rain arrives. The elevated values of uranium seen in the map in figure 42, just north 
of Bahi Swamp could be due to such decreases in speed, giving suspended matter time to 
settle. According to Fossum (2012) the uranium minerals at Saranda, in Bahi-Manyoni area, 
could not be identified and it was assumed that uranium was sorbed onto apatite or clay 
minerals. The uranium speciation calculated by PHREEQC showed that uranium preferred 
phosphate over carbonate, if phosphate was present in the water sample. From this it is 
probable to say that the area of which the uranium are contained close to surface, are 
associated with clay or apatite minerals onto which the uranium can get sorbed and where the 
water flow may slow down due to the reasons given over. From the soil types found in the 
area (Appendix D) and the analyses of suspended matter analysed in SEM, together with the 
results from XRD it is clear that clays exists in the area. 
For the elevated uranium levels in deep groundwater, this might be due to mafic dykes which 
cuts trhough the basement rocks of the area (Milne, 1947; Spence, 1951; Fozzard, 1959; 
Bianconi and Borshoff, 1984; Key, 1992; Maboko, 2000; Macheyeki et al., 2008; Salminen et 
al., 2008). From the airborne geophysical survey performed in the late 1970 and earli 1980, 
aeromagnetic data of the study areas west side was done. Aeromagnetic data can contribute to 
the understanding of geological bodies and structures in the area since it reaches further down 
into the ground than radiometric surveys do. Figure 43 shows a dyke with elevated uranium 
levels trending in a north to south direction, just below where Mitoo wells are placed. 
Dissolution of the uranium bearing minerals, contained in the dyke, may be the main reason 
for the high concentration found in these water samples.   
The highly supersaturated values of Schröckingerite calculated by PHREEQC and given in 
table 4 may be due to uncertainties of the solubility constant used. It was the only solubility 
constant found in literature for this complex mineral, but the value was found in 1983 and it is 
likely to believe that it is wrong. Since Fossum (2012) did not manage to identify any uranium 
minerals, it is not likely that the water is so supersaturated to a uranium mineral, but rather 
that uranium are sorbed onto other minerals. 
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Figure 43: Aeromagnetic map over Manyoni area in Tanzania. The dyke follows an almost north to south path 
and are situated directly under Mitoo well are. Modified from Geological Survey of Tanzania (2012). 
Mitoo 
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8  Conclusions 
The main water chemistry in Bahi-Manyoni area seems to be mainly governed by three 
processes, namely weathering of silicate rocks, dissolution and precipitation, and up-
concentration of solutes.  
Sodium compared to chloride shows that there is an excess of sodium in the system of which 
has not been added by meteoric rain. Sodium is found to be highly correlated with alkalinity 
and the activity diagram for sodium-silicate system shows that the samples are saturated wih 
regards to kaolinite. Weathering of a plagioclase like albite is regarded to be the process 
governing this. 
Magnesium and calcium are following each other when it comes to change in concentration.. 
From the cluster analysis it was evident that sulphate concentration are correlated with 
calcium and magnesium in the shallow wells. None of the water samples in the study area are 
saturated for gypsum, indicating dissolution occurs. The samples are saturated for dolomite, 
calcite, talc and sepiolite. Dolomite and calcite were identified from the sediment samples 
which prove precipitation of these minerals. Ion-exchange is not found to be significant for 
the concentration of magnesium and calcium in the water samples. 
Potassium are weakly correlated with sodium, chloride and EC in the cluster analysis for 
shallow wells. This indicates that potassium are up-concentrated together with these elements, 
but other factors like biological uptake and saturation of the system with regards to 
weathering of K-feldspars and muscovites, depicted by the activity diagrams, limits the 
amount of potassium released into water. 
Sulphate correlates strongly to sodium, chloride and EC for deep wells while it is correlated 
strongly with calcium and magnesium for shallow wells. This indicates that there are two 
different processes governing the amount of sulphate, with dissolution and precipitation for 
shallow wells and up-concentration in deep wells. 
The concentration of fluoride in the water samples greatly exceeds safe limits with regards to 
adverse health effects. The reason that none of these effects were observed in the field has to 
be addressed in further and more specific studies. 
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The concentration of arsenic in the samples seems to be mainly governed by a trend of 
increasing arsenic with increasing EC. Arsenic can also be sorbed onto iron-oxides. This 
sorption is depended upon pH with more arsenic sorbed with lower pH. The high value of 
arsenic found at Chipanga B is most likely due to desorption of arsenic because of high pH 
and anaerob conditions might facilitate this by dissolution of the iron-oxides. 
Uranium is weathered from the granitic basement in the area and transported by water, 
probably sorbed onto apatite or clay minerals suspended in the water. When the speed of the 
water decreases enough or the ephemeral rivers disappears underground, deposition of the 
colloids can occur. The enrichments are clearly seen in radiometric maps over the area, with 
little uranium found in the main river channels, but onto the plains before Bahi Swamp local, 
surficial deposits are seen.  For the deep wells aeromagnetic maps have indicated a correlation 
placement of deep wells and uranium elevated dykes in the area. More studies are needed into 
the reasons for both shallow and deep wells elevated concentrations of uranium before any 
real conclusions can be achieved. 
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Appendix A Main ion composition of the water samples 
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      UTM 36 Elevation   Temp. Depth EC 
Sample no. Place Date X Y [m.as.l.] pH [°C] [m] [µS/cm] 
1/10 Liwali River 04.12.2010 730348 9351826 832 7,19 33,4 1,8 2150 
2/10 Chimendeli village 05.12.2010 764693 9323389 867 6,66 28,7 2,3 133,3 
3/10 Chipanga B 06.12.2010 760497 9310183 852 8,94 26,8 150 904 
4/10 Chikola 06.12.2010 767463 9315714 895 6,1 27,8 6 487 
5/10 Isanga village 06.12.2010 769033 9320643 912 6,73 28,8 6 277 
6/10 Nghulugano River 06.12.2010 770278 9322371 895 7,77 24,8 0 11730 
7/10 
Kigwe village, Railway 
station 07.12.2010 775106 9325351 931 7,75 28,5 6 2870 
8/10 Kichangani 07.12.2010 776852 9324931 939 7,16 28,7 5,5 1271 
9/10 Kisedet project 07.12.2010 777933 9324475 945 6,47 26,9 4,22 154,7 
10/10 Msembeta village 07.12.2010 775123 9333788 975 7,26 29,9 5,65 823 
11/10 Ibihwa village, private well 07.12.2010 769885 9334986 962 7,36 28,5 3,3 1622 
12/10 Ibihwa village, gov. well 07.12.2010 768895 9334342 943 6,76 30,3 2,7 328 
13/10 Bahi town 07.12.2010 755836 9342131 840 7,56 31 100 2000 
14/10 Tanila village 07.12.2010 755294 9339293 860 7,49 26,8 5,5 1289 
15/10 Kibadni 07.12.2010 757712 9340420 844 6,73 28 4,25 802 
16/10 Mpamantwa village 08.12.2010 763860 9338492 920 6,92 28,6 2,7 676 
17/10 Uhelela village 08.12.2010 750832 9344333 839 6,27 29,3 3,3 417 
18/10 Kintinku village 08.12.2010 745769 9346366 841 6,41 29 5 177,4 
19/10 Tambaliza 08.12.2010 737492 9349515 843 5,71 28,9 3 183,8 
20/10 Maweni A 08.12.2010 735186 9350028 848 6,98 29,5 6 10340 
21/10 Maweni B 08.12.2010 734175 9349503 838 7,55 28,3 1 264 
22/10 Chikuyu River 08.12.2010 729443 9350461 831 7,5 27,2 2 2000 
23/10 Mitoo 4 09.12.2010 704791 9368112 1257 7,35 26,7 85 736 
24/10 Mitoo 1 09.12.2010 704755 9367638 1258 7,98 26 75 663 
25/10 Mitoo 2 09.12.2010 704498 9368516 1257 7,2 25,7 108 860 
26/10 Kipondoda 09.12.2010 704965 9363932 1262 7,1 23,1 11,1 517 
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      UTM 36 Elevation   Temp. Depth EC 
Sample no. Place Date X Y [m.as.l.] pH [°C] [m] [µS/cm] 
27/10 Muhalala 09.12.2010 708418 9360440 1147 7,21 27,3 50 666 
28/10 Solya 09.12.2010 715795 9355269 1091 5,9 26,1 7,7 508 
29/10 Hika 1 09.12.2010 720073 9379662 1169 8,84 31,1 0,7 493 
30/10 Hika 2 09.12.2010 720312 9379311 1164 8,56 27,7 0,8 499 
31/10 Sukamahela 09.12.2010 720983 9359712 1080 7,45 25,1 30 1580 
32/10 Bihawana Sec. School 10.12.2010 791457 9305699 1100 7,34 27,1 150 1298 
33/10 Bihawana Private well 10.12.2010 790976 9306076 1102 7,4 25,8 80 2210 
34/10 Mbabala A 10.12.2010 787803 9303833 1069 5,45 24,4 6 177,7 
35/10 Chidilo 10.12.2010 771938 9297016 947 7,49 26 100 2210 
36/10 Mpalanga 10.12.2010 774698 9298644 985 7,98 24,8 100 1728 
37/10 Sukamahela Convent 11.12.2010 722534 9361516 1087 7,55 27,4 100 788 
38/10 Kapiti 12.12.2010 705376 9351409 1120 7,29 26,2 84 922 
39/10 Mbwasa 12.12.2010 726812 9359682 887 7,37 30,6 24 1061 
40/10 Msule spring 13.12.2010 729133 9435423 1218 8,27 36,9 0,8 4870 
41/10 Ovada village 13.12.2010 748144 9427794 1322 6,86 27,1 60 1124 
42/10 Bwawani village 13.12.2010 756115 9427814 1259 7,29 25,9 100 1539 
43/10 Usandawe 14.12.2010 769137 9423186 1183 7,5 27,5 6 1273 
44/10 Farkwa 14.12.2010 787804 9401768 1209 7,3 25,8 6 1251 
1/11 Mitoo 4 26.10.2011 704791 9368112 1257 7,2 26 85 837 
2/11 Mitoo 1 27.10.2011 704755 9367638 1258 7,3 25 75 721 
3/11 Mitoo 3 27.10.2011 704685 9368284 1258 7,3 25,5 100 803 
4/11 Mitoo 2 27.10.2011 704498 9368516 1257 7,27 25,2 108 798 
5/11 Mitoo 6 27.10.2011 705066 9368544 1257 7,6 25,9 100 644 
6/11 Mitoo 5 27.10.2011 704998 9368348 1256 7,9 26,2 100 651 
7/11 Chibumagwa 27.10.2011 717745 9350864 874 7,25 31 120 2590 
8/11 Lake Chibumagwa 27.10.2011 721591 9350220 843 9,34 32,2 0 23000 
9/11 Udimaa 27.10.2011 749189 9357528 862 7,28 29,4 80 4060 
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      UTM 36 Elevation   Temp. Depth EC 
Sample no. Place Date X Y [m.as.l.] pH [°C] [m] [µS/cm] 
10/11 Solya 27.10.2011 715817 9355112 1085 7,58 30,7 137 912 
11/11 Mbwasa 1 27.10.2011 726907 9359736 904 7,38 31,4   1058 
12/11 Mbwasa 2 27.10.2011 727110 9359370 893 7,51 31,3   1021 
13/11 Landoni 1 28.10.2011 730555 9410530 1225 7,36 27,6 150 841 
14/11 Landoni 2 28.10.2011 730756 9411070 1217 7,6 26,9   753 
15/11 Landoni 3 28.10.2011 730791 9411656 1213 7,05 27,8 150 866 
16/11 Msemembo 28.10.2011 717528 9390938 1258 6,68 25,5   2,52 
17/11 Ivandaa 29.10.2011 722550 9321040 868 7 29,5 8,45 787 
18/11 Msakile 29.10.2011 719293 9349416 851 7,725 32,5   999 
19/11 Mwazi 29.10.2011 705297 9365476 1278 6,56 27,7 100 1528 
20/11 Mwazi Dam 29.10.2011 708378 9366974 1239 7,987 26,1 0 218 
21/11 Masigati 29.10.2011 711338 9367918 1258 6,845 26,3 6 1088 
22/11 Sukamahela Line 30.10.2011 726173 9360566 935 6,6 31,3 0 229 
23/11 Sanza mix 30.10.2011 744997 9297312 883 7,2 36,5   2250 
24/11 Sanza 1 30.10.2011 744997 9297312 883 7,25 29,9 8 2130 
25/11 Bahi Salt Work 29.10.2011       7,67 25 0   
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Analyte Symbol 
 
Na Mg K Ca Alkalinity Cl SO4 NO3 
PO
4 
F EB 
Unit 
Symbol   
mg/L 
mg/
L 
mg/L mg/L meq/kg 
mg/
L 
mg/
L 
mg/
L 
mg/
L 
mg/
l 
% 
Sample 
no. 
StationID 
Sample 
Date 
AAS/
IC 
AAS/
IC 
AAS/I
C 
AAS/I
C 
Titration 
Lab. 
IC IC IC IC IC 
PHREE
QC 
1/10 Liwali River 04.12.201
0 
170 15,6 7,2 50 4,71 398,
52 
201,
03 
8,63 19,
36 
9,7
6 
2,18 
2/10 Chimendeli 
village 
05.12.201
0 
22 1,2 0,56 0,26 0,29 97,8
1 
175,
12 
13,9
33 
45,
39 
11,
44 
1,82 
3/10 Chipanga B 06.12.201
0 
139 2,44 0,4 5,7 8,70 33,1
2 
24,9
89 
2, 2
1 
13,
15 
9,7
9 
-2,19 
4/10 Chikola 06.12.201
0 
66 1,46 5,7 2,45 0,26 73,5
8 
27,3
95 
48,0
63 
81,
32 
9,1
2 
2,9 
5/10 Isanga village 06.12.201
0 
36 0,96 1,76 1,09 0,77 30,1
3 
8,08
7 
39,8
53 
64,
86 
9,0
8 
1,59 
6/10 Nghulugano 
River 
06.12.201
0 
1680 127 21,1 349 7,34 2250 2910 1,88
1 
 
10,
76 
1,72 
7/10 Kigwe illage, 
Railway 
07.12.201
0 
260 26,5 4,4 35 7,68 467,
61 
332,
53 
8,76
5 
 
10,
79 
3,75 
8/10 Kichangani 07.12.201
0 
167 10,1 20,8 17,7 1,19 1 0,
22 
88,3
5 
180,
94 
 
9,0
5 
5,14 
9/10 Kisedet project 07.12.201
0 
18 2 1,1 3,2 1,00 21,5
9 
8,72
3 
11,7
35 
 
9,0
4 
0 
10/10 Msembeta 
village 
07.12.201
0 
115 1,53 7,3 3,2 3,60 66,6
2 
34,7
68 
65,0
14 
0,7
25 
9,5
5 
-2,23 
11/10 Ibihwa village, 
private 
07.12.201
0 
215 25 1,9 27 11,21 190,
81 
40,3
6 
2,12
8 
 
10,
05 
-2,8 
12/10 Ibihwa village, 
gov. 
07.12.201
0 
38 3,15 2,8 3 0,65 42,2
5 
14,3
68 
40,9
53 
 
9,4
3 
-25,07 
13/10 Bahi town 07.12.201
0 
160 14,7 4,1 30 7,58 345,
13 
99,0
2 
38,3
73 
 
9,9
3 
-1,03 
14/10 Tanila village 07.12.201
0 
152 7,6 5,2 33 9,10 90,8
8 
83,4
99 
2,15
8 
0,9
25 
9,5
3 
0,27 
15/10 Kibadni 07.12.201
0 
104 5,4 0,7 10,5 0,60 134,
38 
34,3
08 
64,2
97 
 
8,5
1 
0 
16/10 Mpamantwa 
village 
08.12.201
0 
72 11,9 7,6 11,3 1,69 79,4
3 
27,5
49 
100,
26 
 
9,9
8 
-4,3 
17/10 Uhelel  village 08.12.201
0 
41 3,4 2 6,4 0,81 52,9
8 
67,2
59 
5, 3
5 
 
8,9
7 
-7,32 
18/10 Kintinku village 08.12.201
0 
26 0,62 1,04 2,01 0,99 11,1
7 
9,42
95 
13,4
95 
0,7
99 
0,6
31 
-7,57 
19/10 Tambaliza 08.12.201
0 
22 0,18 0,99 1,41 0,39 24,5
1 
17,8
57 
0,17
3 
0,8
25 
0,5
37 
-0,67 
20/10 Maweni A 08.12.201
0 
1030 130 3,8 399 7,00 2200 996,
09 
74,0
04 
80 10,
36 
5,59 
21/10 Maweni B 08.12.201
0 
44 0,06 0,81 0,27 0,60 52,0
14 
26,5
83 
0,14
26 
0,3
62 
1,1
98 
-1,98 
22/10 Chikuyu River 08.12.201
0 
150 9,4 15,8 41 5,50 380,
28 
142,
77 
6,8 1,3 ,4
5 
0,33 
23/10 Mitoo 4 09.12.201
0 
83 5,2 3 32,6 2,30 101,
21 
41,4 54,7 
 
9,3
3 
0 
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Analyte Symbol 
 
Na Mg K Ca Alkalinity Cl SO4 NO3 PO
4 
F EB 
Unit 
Symbol   
mg/
L 
mg/
L 
mg/
L 
mg/
L 
meq/kg 
mg/
L 
mg/
L 
mg/
L 
mg/
L 
mg/l % 
Sample 
no. 
StationID 
Sample_
Date 
AAS/
IC 
AAS/
IC 
AAS/
IC 
AAS/
IC 
Titration 
Lab. 
IC IC IC IC IC 
PHREE
QC 
24/10 Mitoo 1 09.12.201
0 
71 2,2 3,1 27,7 2,00 86,9 58,7 25,6 
 
9,27 -4,93 
25/10 Mitoo 2 09.12.201
0 
73 6,1 3,2 29,2 2,23 127,
3 
45,8 52,6 
 
9,6 1,91 
26/10 Kipondoda 09.12.201
0 
66 3,3 5,1 7,2 2,10 68,5 9,4 13,1 
 
9,55 -0,23 
27/10 Muhalala 09.12.201
0 
59 17,8 1,3 21,1 5,28 50,2
1 
13,3 11,8 
 
9,39 -3,34 
28/10 Solya 09.12.201
0 
51 3,4 0,71 12,2 0,62 80,3 4,9 81,7 
 
9,26 -2,09 
29/10 Hika 1 09.12.201
0 
70 0,52 1,72 7,9 2,58 47,3 31,6 1 
 
11,7
9 
-1,45 
30/10 Hika 2 09.12.201
0 
70 0,53 1,79 8,3 2,56 52,1
1 
31,4 1,6 
 
12,1
4 
-0,67 
31/10 Sukamahela 09.12.201
0 
134 22,4 3,7 49 5,46 222,
85 
16 10 4 5,73 1,49 
32/10 Bihawana Sec. 
School 
10.12.201
0 
108 19,2 4,4 33 5,46 13 ,
22 
73,5 46,2 
 
4,76 4,06 
33/10 Bihawana 
Private well 
10.12.201
0 
188 29,4 5,6 64 6,29 296,
4 
71,3 158,
43 
 
4,97 2,66 
34/10 Mb bala A 10.12.201
0 
22 0,16 3,6 0,4 0,40 20,1 8,8 22,3 2,3
65 
0,14
23 
-2 
35/10 Chidilo 10.12.201
0 
120 23 4,7 32 8,11 319,
75 
117,
74 
38,5 
 
5,45 1,15 
36/10 Mpalanga 10.12.201
0 
213 7,8 3,6 22 6,69 227,
77 
195,
72 
8,9 6 6,17 0,57 
37/10 Sukamahela 
Convent 
11.12.201
0 
73 5,5 2,3 26,3 1,81 140,
36 
13,8 24 
 
4,87 -1,04 
38/10 Kapiti 12.12.201
0 
97 7,6 4,5 25 5,81 87,3 51,5 6 
 
5,11 -1,01 
39/10 Mbwasa 12.12.201
0 
101 9,4 3,8 32 3,56 120,
09 
131,
94 
  
5,48 0,93 
40/10 Msule spring 13.12.201
0 
51 2 6,1 8 11,96 8 0,
68 
383,
16 
  
11,8
1 
4,17 
41/10 Ovada village 13.12.201
0 
58 17,6 1,7 29 4,47 152,
83 
37,1 6,51 
 
5,52 5,89 
42/10 Bwawani village 13.12.201
0 
104 21,2 2,6 42 10,89 119,
99 
26 29,9 
 
5,57 4,72 
43/10 Usandawe 14.12.201
0 
105 12,5 1,6 44 7,92 106,
2 
57 9,2 1,9 5,89 1,9 
44/10 Farkwa 14.12.201
0 
90 9,9 1,9 39 5,99 160,
08 
20,8 16 n.a. 5,66 3,82 
1/11 Mitoo 4 26.1 .201
1 
90 5,83 3,66 49,2 2,2547 1 ,
5 
40,6 51 
 
0,72 -0,29 
2/11 Mitoo 1 27.10.201
1 
103 7,79 4,47 51,8 2 132 44,2 53,7 
 
0,77 2 
3/11 Mitoo 3 27.10.201
1 
100 7,27 4,84 55,8 2,11 128 45 52,8 1,5
8 
0,71 1,79 
4/11 Mitoo 2 27.10.201
1 
118 7,94 4,78 51 2,33 142 51,2 52,1 
 
0,79 1,22 
7 
 
5/11 Mitoo 6 27.10.201
1 
83 2,42 3,99 44,7 1,89 93,1 61,3 24,9 
 
0,91 -4,4 
 
Analyte Symbol 
 
Na Mg K Ca Alkalinity Cl SO
4 
NO
3 
PO
4 
F EB 
Unit 
Symbol   
mg/L mg/L mg/L mg/L meq/kg 
mg/
L 
mg/
L 
mg/
L 
mg/
L 
mg
/l 
% 
Sample 
no. 
StationID 
Sample_D
ate 
AAS/I
C 
AAS/I
C 
AAS/I
C 
AAS/I
C 
Titration 
Lab. 
IC IC IC IC IC 
PHREE
QC 
             
 
6/11 Mitoo 5 27.10.2011 95 4,5 4,26 41 1,83 95,3 60,4 25,8 0,37 0,9
2 
-4,4 
7/11 Chibumagwa 27.10.2011 307 55,3 4,16 196 4,48 629 197 0,53 0,37 1,5
1 
2,86 
8/11 Lake 
Chibumagwa 
27.10.2011 6190 22,1 32,1 12,9 46,07 7600 118
0 
  
5,8
1 
-2,37 
9/11 Udi a 27.10.2011 970 10,22 6,59 42,8 11,9 690 628 30,3 0,51 0,9
6 
-1,43 
10/11 Solya 27.10.2011 129 5,27 5 56,3 4,6 98,1 81,3 15,1 
 
2,3
6 
-1,85 
11/11 Mbwasa 1 27.10.2011 136 22,4 5,31 65 3,47 145 157 
  
1,2
1 
1,53 
12/11 Mbwasa 2 27.10.2011 139 16,9 5,84 47,8 3,583 122 129 
  
1,2
5 
1,42 
13/11 Landoni 1 28.10.2011 71 31,7 6,8 53,6 6,613 40 63,8 0,6 
 
0,4
9 
-3,14 
14/11 Landoni 2 28.10.2011 79 26,3 7,16 54,7 6,4765 41,2 21,3 
  
0,6
1 
2,7 
15/11 Landoni 3 28.10.2011 95 21 10,33 77,2 7,98 43,5 6,82 0,56 
 
0,6
2 
3,24 
16/11 Msemembo 28.10.2011 263 67 5,2 215 6,51 656 32,8 27,5 
 
2,0
3 
0,29 
17/11 Ivandaa 29.10.2011 49,1 45,8 7,59 50,4 3,9659 86 63,6 30,2 
 
0,6
7 
2,49 
18/11 Msakile 29.10.2011 119 20,3 3,47 77,6 4,1045 123 133 
  
3,1
7 
2,34 
19/11 Mwazi 29.10.2011 161 28,1 7 143 3,2871 369 12,2 54,2 
 
0,6
8 
-3,51 
20/11 Mwazi Dam 29.10.2011 16,1 4,32 7,34 26,9 2,06 3,88 1,42 2,1 
 
1,0
6 
4,88 
21/11 Masigati 29.10.2011 113 23,7 5,8 76,1 2,7453 258 20,3 8,77 
 
0,3
9 
1,07 
22/11 Sukamahela 
Line 
30.10.2011 48,6 2,44 2,33 3,14 1,6827 14,6 5,69 0,67 
 
0,7
8 
4,76 
23/11 Sanza mix 30.10.2011 362 31,2 3,22 93,6 7,2 394 230 
  
0,6
1 
0 
24/11 Sanza 1 30.10.2011 367 24 3,31 94,7 7,725 353 247 
  
0,6
6 
-0,21 
25/11 Bahi Salt Work 29.10.2011 1830
0 
511 42,4 260 n.a. 2650
0 
529
0 
 
0,49 1,7  
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Appendix B Main cations and trace elements in water samples 
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Appendix C Main and trace elements of the sediment samples  
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Analyte Symbol Na Mg Al K Ca Fe Ti P S 
Unit Symbol % % % % % % % % % 
Detection Limit 0.01 0.01 0.01 0.01 0.01 0.01 0.0005 0.001 0.01 
Analysis Method TD-MS TD-MS TD-MS TD-MS TD-MS TD-MS TD-ICP TD-ICP TD-ICP 
2.1/11 2,39 0,04 5,3 3,39 0,26 0,31 0,0246 0,003 < 0.01 
4.1/11 0,08 0,72 3,57 0,05 0,91 2,05 0,288 0,005 0,01 
6.1/11 1,87 3,58 6,58 0,84 7,59 8,8 0,563 0,072 0,23 
7.1/11 1,56 1,28 5,63 0,83 3,12 8,27 0,0829 0,011 0,03 
8.1/11 1,03 0,17 4,39 0,85 1,01 1,45 0,212 0,034 0,38 
9.1/11 1,55 0,13 4,99 2,47 0,79 0,61 0,14 0,007 0,01 
13.1/11 0,25 0,22 3,64 1,5 0,24 1,96 0,19 0,013 < 0.01 
13.2/11 0,96 2,5 7,25 1,1 1,23 4,36 0,0989 0,041 0,01 
16.1/11 0,06 0,06 2,26 0,49 0,06 0,77 0,152 0,006 < 0.01 
17.1/11 2,86 0,46 7,07 2,62 1,69 1,51 0,121 0,024 0,01 
17.2/11 2,85 0,5 6,81 2,43 1,56 1,47 0,144 0,035 0,02 
21.1/11 0,67 0,01 3,33 2,59 0,18 0,29 0,0492 0,003 < 0.01 
26.1/11 0,06 0,27 5,42 0,65 0,27 1,83 0,221 0,014 0,01 
 
 
 
 
 
 
24 
 
 
 
Analyte Symbol Cr Mn As Sr Zr Ba Pb Th U 
Unit Symbol ppm ppm ppm ppm ppm ppm ppm ppm ppm 
Detection Limit 0.5 1 0.1 0.2 1 1 0.5 0.1 0.1 
Analysis Method TD-MS TD-MS TD-MS TD-MS TD-MS TD-MS TD-MS TD-MS TD-MS 
2.1/11 208 39 4,6 72,1 47 264 5,6 14,7 4,5 
4.1/11 51,7 328 4,1 106 121 446 29,7 6 6,3 
6.1/11 412 1960 4 210 32 84 15,3 2,9 6,3 
7.1/11 44,5 1580 0,5 186 25 350 16 3,1 1,4 
8.1/11 275 162 0,6 149 135 385 22,5 11,9 5,9 
9.1/11 394 142 0,6 185 36 783 21 8,2 1,7 
13.1/11 63 574 2 60 12 457 18 8,3 2,4 
13.2/11 174 571 4,3 97,3 54 234 11,8 6,7 1,7 
16.1/11 42,7 85 0,7 19,4 34 152 12,1 7,7 1,9 
17.1/11 44,3 285 0,2 510 61 1220 18,6 4,7 0,7 
17.2/11 363 278 1,3 422 108 922 20,9 18,7 1,6 
21.1/11 62,6 43 0,8 49,9 34 363 13,1 4,7 2,1 
26.1/11 48,7 247 2,4 68 150 479 31,4 17,5 31,3 
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Appendix D Grain size distributions, estimation of hydraulic conductivity and porosity and classification of soil types 
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Sample 
no. 
Place m.a.s.l. 
Sample 
site 
Sorting 
ratio 
d10 
[mm] 
d60 
[mm] 
Sorting 
Hazen 
K [m/sec] 
Gustavsson Type soil 
Φ K [m/sec] K [m/year] 
1.1 Liwali 832 Riverbank 
15 
0.015 0.22 Sorted 2.60325E-06 0.13 1.70269E-06 
53,70 
Sandy 
loam 
2.1 Chimendeli 867 Floodplain 
21 
0.015 0.32 
Poorly 
sorted 
2.60325E-06 0.11 1.3453E-06 
42,43 
Sandy 
loam 
3.1 
Chipanga B 
852 Riverbank 
46 
0.007 0.32 
Poorly 
sorted 
5.6693E-07 0.09 1.81496E-07 
5,72 
Sandy 
clay 
loam 
3.2 852 Riverbed 
5 
0.063 0.33 
Well 
sorted 
4.59213E-05 0.17 5.35848E-05 1689,85 Sand 
3.3 852 Riverbed 13 0.002 0.025 Sorted 4.628E-08 0.13 3.34148E-08 1,05 Silt 
4.1 Chikola 895 Hill slope 
3 
0.125 0.35 
Well 
sorted 
0.000180781 0.21 0.000258379 8148,23 Sand 
5.1 
Nghulugano 
912 Hill slope 
4 
0.1 0.4 
Well 
sorted 
0.0001157 0.19 0.000150602 4749,38 Sand 
5.2 912 Hill slope 
3 
0.15 0.4 
Well 
sorted 
0.000260325 0.22 0.000374757 11818,35 Sand 
6.1 Nghulugano River 895 Riverbank 
60 
0.002 0.12 
Poorly 
sorted 
4.628E-08 0.09 1.25302E-08 
0,40 
Sandy 
loam 
7.1 Kigwe Village well 931 
Small dry 
63 0.002 0.125 
Poorly 
4.628E-08 0.09 1.22213E-08 0,39 
Sandy 
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Sample 
no. 
Place m.a.s.l. 
Sample 
site 
Sorting 
ratio 
d10 
[mm] 
d60 
[mm] 
Sorting 
Hazen 
K [m/sec] 
Gustavsson Type soil 
Φ K [m/sec] K [m/year] 
pit sorted loam 
8.1 
Kigwe Kichangani 
939 Hill slope 
2 
0.22 0.4 
Well 
sorted 
0.000559988 0.24 0.00080566 25407,28 Sand 
8.2 939 Hill slope 
70 
0.005 0.35 
Poorly 
sorted 
2.8925E-07 0.09 7.12904E-08 
2,25 
Loamy 
sand 
9.1 Kigwe Kisedet 945 Hill slope 
49 
0.0035 0.17 
Poorly 
sorted 
1.41733E-07 0.09 4.37017E-08 
1,38 
Sandy 
loam 
10.1 Msembeta 975 Hill slope 
32 
0.011 0.35 
Poorly 
sorted 
1.39997E-06 0.10 5.62092E-07 
17,73 
Loamy 
sand 
11.1 
Ibihwa Village 
962 Riverbank 
23 
0.015 0.35 
Poorly 
sorted 
2.60325E-06 0.11 1.2712E-06 
40,09 
Loamy 
sand 
11.2 962 Hill slope 
233 
0.006 1.4 
Poorly 
sorted 
4.1652E-07 0.07 5.0582E-08 
1,60 
Loamy 
sand 
12.1 
Ibihwa Ukombozi 
943 Hill slope 
96 
0.0028 0.27 
Poorly 
sorted 
9.07088E-08 0.08 1.8437E-08 
0,58 
Sandy 
loam 
12.2 943 Hill slope 
18 
0.02 0.35 Sorted 0.000004628 0.12 2.71001E-06 
85,46 
Sandy 
loam 
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Sample 
no. 
Place m.a.s.l. 
Sample 
site 
Sorting 
ratio 
d10 
[mm] 
d60 
[mm] 
Sorting 
Hazen 
K [m/sec] 
Gustavsson Type soil 
Φ K [m/sec] K [m/year] 
13.1 Bahi town 840 Floodplain 13 0.03 0.4 Sorted 0.000010413 0.13 7.22558E-06 227,87 Sand 
14.1 
Bahi Tanila 
860 Floodplain 
40 
0.002 0.08 
Poorly 
sorted 
4.628E-08 0.10 1.60993E-08 0,51 Loam 
14.2 860 Riverbed 
6 
0.006 0.036 Sorted 4.1652E-07 0.17 4.55659E-07 
14,37 
Loamy 
sand 
14.3 860 Riverbed 
2 
0.3 0.65 
Well 
sorted 
0.0010413 0.23 0.001518648 47892,09 Sand 
15.1 Bahi Kibadni 844 Floodplain 
165 
0.002 0.33 
Poorly 
sorted 
4.628E-08 0.07 6.85885E-09 
0,22 
Sandy 
loam 
17.1 Uhelela Mlowa 839 Floodplain 
175 
0.002 0.35 
Poorly 
sorted 
4.628E-08 0.07 6.62915E-09 
0,21 
Sandy 
loam 
18.1 
Kintinku Lusilile 
841 Floodplain 
3 
0.125 0.39 
Well 
sorted 
0.000180781 0.21 0.000252978 
7977,91 
Sandy 
loam 
18.2 841 Floodplain 
47 
0.0075 0.35 
Poorly 
sorted 
6.50813E-07 0.09 2.05703E-07 
6,49 
Loamy 
sand 
19.1 Maweni Tambaliza 843 Floodplain 
35 
0.01 0.35 
Poorly 
sorted 
0.000001157 0.10 4.37546E-07 
13,80 
Loamy 
sand 
20.1 Maweni A 848 Floodplain 140 0.0025 0.35 
Poorly 
7.23125E-08 0.07 1.17929E-08 0,37 
Sandy 
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Sample 
no. 
Place m.a.s.l. 
Sample 
site 
Sorting 
ratio 
d10 
[mm] 
d60 
[mm] 
Sorting 
Hazen 
K [m/sec] 
Gustavsson Type soil 
Φ K [m/sec] K [m/year] 
sorted loam 
21.1 Maweni B 838 Floodplain 
4 
0.1 0.41 
Well 
sorted 
0.0001157 0.19 0.000149282 4707,75 Sand 
22.1 
Chikuyu 
831 Riverbed 
2 
0.28 0.43 
Well 
sorted 
0.000907088 0.26 0.001257949 39670,69 Sand 
22.2 831 Riverbed 
36 
0.014 0.5 
Poorly 
sorted 
2.26772E-06 0.10 8.46798E-07 
26,70 
Loamy 
sand 
23.1 
Mitoo 
1250 Playa lake 
118 
0.0022 0.26 
Poorly 
sorted 
5.59988E-08 0.08 1.0088E-08 
0,32 
Sandy 
loam 
23.2 1250 Playa lake 6 0.05 0.3 Sorted 0.000028925 0.17 3.1643E-05 997,89 Sand 
26.1 Kipondoda 1262 Hill slope 6 0.045 0.29 Sorted 2.34293E-05 0.16 2.47237E-05 779,69 Sand 
27.1 
Muhalala 
1147 Riverbank 
100 
0.003 0.3 
Poorly 
sorted 
1.0413E-07 0.08 2.07111E-08 
0,65 
Sandy 
loam 
27.2 1147 Riverbed 
2 
0.25 0.5 
Well 
sorted 
0.000723125 0.24 0.001051196 33150,51 Sand 
28.1 
Solya 
1091 Hill slope 6 0.002 0.011 Sorted 4.628E-08 0.17 5.27995E-08 1,67 Loam 
28.2 1091 Hill slope 
100 
0.003 0.3 
Poorly 
sorted 
1.0413E-07 0.08 2.07111E-08 
0,65 
Sandy 
loam 
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Sample 
no. 
Place m.a.s.l. 
Sample 
site 
Sorting 
ratio 
d10 
[mm] 
d60 
[mm] 
Sorting 
Hazen 
K [m/sec] 
Gustavsson Type soil 
Φ K [m/sec] K [m/year] 
29.1 
Hika spring I 
1169 Hill slope 
123 
0.0022 0.27 
Poorly 
sorted 
5.59988E-08 0.08 9.86604E-09 
0,31 
Sandy 
loam 
29.2 1169 Hill slope 
136 
0.0022 0.3 
Poorly 
sorted 
5.59988E-08 0.08 9.27413E-09 
0,29 
Sandy 
loam 
30.1 
Hika spring II 
1164 Hill slope 
45 
0.0065 0.29 
Poorly 
sorted 
4.88833E-07 0.09 1.58875E-07 
5,01 
Sandy 
loam 
30.2 1164 Hill slope 
17 
0.02 0.33 Sorted 0.000004628 0.12 2.81209E-06 
88,68 
Loamy 
sand 
31.1 Sukamahela 1080 Floodplain 
69 
0.0045 0.31 
Poorly 
sorted 
2.34293E-07 0.09 5.8309E-08 
1,84 
Sandy 
loam 
32.1 
Bihawana Sec. 
School 
1100 Floodplain 
42 
0.006 0.25 
Poorly 
sorted 
4.1652E-07 0.10 1.41253E-07 
4,45 
Sandy 
loam 
33.1 
Bihawana Private 
well 
1102 Floodplain 
32 
0.0095 0.3 
Poorly 
sorted 
1.04419E-06 0.10 4.21241E-07 
13,28 
Loamy 
sand 
34.1 Mbabala A 1069 Floodplain 
8 
0.002 0.016 Sorted 4.628E-08 0.15 4.34793E-08 
1,37 
Silty 
loam 
35.1 Chipanga Chidilo 947 Floodplain 
50 
0.007 0.35 
Poorly 
sorted 
5.6693E-07 0.09 1.71703E-07 
5,41 
Loamy 
sand 
32 
 
Sample 
no. 
Place m.a.s.l. 
Sample 
site 
Sorting 
ratio 
d10 
[mm] 
d60 
[mm] 
Sorting 
Hazen 
K [m/sec] 
Gustavsson Type soil 
Φ K [m/sec] K [m/year] 
36.1 Chipanga Mpalanga 985 Riverbank 
18 
0.005 0.09 Sorted 2.8925E-07 0.12 1.66399E-07 
5,25 
Sandy 
loam 
37.1 
Sukamahela 
1087 Hill slope 
31 
0.008 0.25 
Poorly 
sorted 
7.4048E-07 0.10 3.00694E-07 
9,48 
Loamy 
sand 
37.2 1087 Hill slope 
31 
0.007 0.22 
Poorly 
sorted 
5.6693E-07 0.10 2.29395E-07 
7,23 
Loamy 
sand 
38.1 
Manyoni Kapiti 
1120 Hill slope 
119 
0.0021 0.25 
Poorly 
sorted 
5.10237E-08 0.08 9.15224E-09 
0,29 
Sandy 
loam 
38.2 1120 Hill slope 
90 
0.005 0.45 
Poorly 
sorted 
2.8925E-07 0.08 6.12666E-08 
1,93 
Loamy 
sand 
38.3 1120 Riverbank 
58 
0.004 0.23 
Poorly 
sorted 
1.8512E-07 0.09 5.14447E-08 
1,62 
Sandy 
loam 
39.1 Manyoni Mbwasa 887 Riverbed 
40 
0.0055 0.22 
Poorly 
sorted 
3.49993E-07 0.10 1.21751E-07 
3,84 
Loamy 
sand 
40.1 
Msule Spring I 
1218 Floodplain 10 0.04 0.41 Sorted 0.000018512 0.14 1.50699E-05 475,24 Sand 
40.2 1218 Floodplain 
2 
0.25 0.47 
Well 
sorted 
0.000723125 0.24 0.001045014 32955,55 Sand 
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Sample 
no. 
Place m.a.s.l. 
Sample 
site 
Sorting 
ratio 
d10 
[mm] 
d60 
[mm] 
Sorting 
Hazen 
K [m/sec] 
Gustavsson Type soil 
Φ K [m/sec] K [m/year] 
40.3 Msule Spring II 1218 Floodplain 12 0.03 0.36 Sorted 0.000010413 0.13 7.70842E-06 243,09 Sand 
40.4 
Msule River 
1225 Riverbank 
14 
0.016 0.22 Sorted 2.96192E-06 0.13 2.01653E-06 
63,59 
Loamy 
sand 
40.5 1225 Riverbed 
135 
0.002 0.27 
Poorly 
sorted 
4.628E-08 0.08 7.70982E-09 0,24 Loam 
40.6 1225 Riverbank 
2 
0.57 1 
Well 
sorted 
0.003759093 0.25 0.005377127 
169573,0
9 Sand 
41.1 
Ovada 
1322 Riverbank 
3 
0.15 0.38 
Well 
sorted 
0.000260325 0.22 0.00037699 11888,75 Sand 
41.2 1322 Riverbed 
2 
0.21 0.5 
Well 
sorted 
0.000510237 0.22 0.000742489 23415,13 Sand 
42.1 
Bwawani Mag. 
1259 Riverbank 
20 
0.002 0.04 
Poorly 
sorted 
4.628E-08 0.12 2.49119E-08 
0,79 
Silty 
loam 
42.2 1259 Riverbank 
3 
0.07 0.2 
Well 
sorted 
0.000056693 0.21 8.07513E-05 2546,57 Sand 
42.3 1259 Riverbank 
2 
0.16 0.37 
Well 
sorted 
0.000296192 0.23 0.000431602 13611,00 Sand 
43.1 Kwa Mtoro Sandawi 1183 Riverbank 
23 
0.018 0.41 
Poorly 
sorted 
3.74868E-06 0.11 1.85863E-06 58,61 Sand 
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Sample 
no. 
Place m.a.s.l. 
Sample 
site 
Sorting 
ratio 
d10 
[mm] 
d60 
[mm] 
Sorting 
Hazen 
K [m/sec] 
Gustavsson Type soil 
Φ K [m/sec] K [m/year] 
43.2 1183 Riverbank 
145 
0.002 0.29 
Poorly 
sorted 
4.628E-08 0.07 7.39428E-09 
0,23 
Sandy 
loam 
44.2 Farkwa 1209 Riverbank 
47 
0.006 0.28 
Poorly 
sorted 
4.1652E-07 0.09 1.3165E-07 
4,15 
Loamy 
sand 
45.1 Manyoni Mbwasa 888 Riverbank 
54 
0.007 0.38 
Poorly 
sorted 
5.6693E-07 0.09 1.63216E-07 
5,15 
Loamy 
sand 
46.1 
Uranium borehole 
1134 Playa lake 15 0.002 0.03 Sorted 4.628E-08 0.13 2.98491E-08 0,94 Loam 
46.2 1134 Playa lake 8 0.002 0.015 Sorted 4.628E-08 0.16 4.50592E-08 1,42 Loam 
47.1 
Mwasa 
1114 Floodplain 
28 
0.002 0.055 
Poorly 
sorted 
4.628E-08 0.11 2.03704E-08 0,64 Loam 
47.2 1114 Floodplain 10 0.04 0.4 Sorted 0.000018512 0.14 1.52923E-05 482,26 Sand 
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Appendix E Calculated saturation indices for 27 minerals 
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  Mineral Alstonite Anatase Antigorite Baddeleyite Barite Calcite Chalcedony Chrysotile 
  Formula BaCa(CO3)2 TiO2 Mg48Si34O85(OH)62 ZrO2 BaSO4 CaCo3 SiO2 Mg3Si2O5(OH)4 
Sample Place SI SI SI SI SI SI SI SI 
1/10 Liwali River -1,97 1,33 -54,79 -0,36 1,09 0,02 0,16 -4,26 
3/10 Chipanga B -0,02 1,51 12,3   0,17 0,36 0,92 -0,21 
6/10 Nhgulugano River -0,45 1,92 27,33 0,06 1,41 1,06 0,96 0,73 
7/10 
Kigwevillage, Railway 
station -0,65 1,52 30,4   0,43 0,8 0,76 0,94 
8/10 Kichangani, Kigwe -0,19 1,65 66,3   1,24 0,25 0,99 3,15 
9/10 Kisedetproject, Kigwe -4,05 1,79 -75,04 0,32 -0,72 -1,32 0,74 -5,64 
10/10 Msembeta -1,63 1,93 -23,33 1,3 0,23 -0,39 0,91 -2,43 
11/10  Ibihwavillage, private well 0,9 1,52 61,12 -0,04 0,27 1,21 0,67 2,88 
14/10 Tanila, Bahi 1,31 1,47 31,04 -0,74 1,04 1,34 0,56 1,01 
15/10 Kibadni -3,26 1,67 -55,11   0,88 -1,25 0,78 -4,4 
16/10 Mpamantwa -2,05 1,78 -21,13 -0,71 0,65 -0,61 1,03 -2,32 
17/10 Uhelelavillage -3,31 1,2 -70,53   0,76 -1,17 0,31 -5,31 
19/10 Tambaliza -8,5 1,66 -156,07 0,57 -2,85 -2,36 0,73 -10,7 
20/10 Maweni A -2,43 1,95 29,26 -0,27 0,45 0,44 0,96 0,86 
21/10 Maweni B -15,5 2,3 -143,87 1,4 0,5 -8,04 0,88 -9,95 
22/10 Chikuyu River 0,58 1,42 30,41 -0,75 1,11 1,08 0,45 0,99 
23/10 Mitoo 4 -1,22 1,5 -15,39   0,39 0,24 0,69 -1,91 
24/10 Mitoo 1 -1,59 1,43 -38,19   0,33 0,17 0,59 -3,32 
25/10 Mitoo 2 -1,52 1,55 -28,44 0,58 0,57 0,04 0,69 -2,72 
26/10 Kipondoda -1,4 1,77 -19,29 0,37 0,29 -0,36 0,73 -2,15 
27/10 Muhalala 0,2 1,61 53,23   0,02 0,82 0,73 2,38 
28/10 Solya, shallow -2,67 1,58 -62,75   0,49 -1,1 0,69 -4,86 
29/10 Hika I -2,17 1,31 -53,85 -0,28 -0,41 -0,11 0,42 -4,27 
30/10 Hika II -1,94 1,36 -57,98 -0,44 -0,17 -0,1 0,47 -4,54 
31/10 Sukamahela 0,34 1,55 46,48   0,26 0,87 0,63 1,98 
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  Mineral Alstonite Anatase Antigorite Baddeleyite Barite Calcite Chalcedony Chrysotile 
  Formula BaCa(CO3)2 TiO2 Mg48Si34O85(OH)62 ZrO2 BaSO4 CaCo3 SiO2 Mg3Si2O5(OH)4 
Sample Place SI SI SI SI SI SI SI SI 
32/10 Bihawana Sec. School -0,45 1,42 28,37   0,19 0,87 0,55 0,85 
33/10 Bihawana private well -1,13 1,41 40,67   -0,85 1,1 0,51 1,62 
34/10 Mbabala A -7,94 1,68 -198,41 -0,05 -0,75 -3,67 0,64 -13,33 
35/10 Chidilo -0,83 1,38 57,98   0,46 0,47 0,47 2,72 
36/10 Mpalanga -0,22 1,44 34,2   0,46 0,98 0,49 1,23 
37/10 SukamahelaConvent 0,48 1,55 81,77   0,35 0,84 0,59 4,19 
38/10 Kapiti 0,2 1,69 47,94   0,3 1,07 0,77 2,05 
40/10 Msule Spring 0,02 1,34 -5,68 0,7 0,81 0,56 0,47 -1,29 
41/10 Ovada -0,05 1,52 56,8 -0,46 0,13 1,02 0,65 2,62 
42/10 Bwawani 0,23 1,56 50,94   -0,17 0,97 0,86 2,21 
43/10 Usandawe 0,31 1,48 38,97 -0,41 0,09 1,27 0,76 1,47 
44/10 Farkwa 0,47 1,4 47,33 -0,79 0,07 1,26 0,4 2,07 
1/11 Mitoo 4 -2,93 1,48 -74,28   0,2 -0,45 0,54 -5,54 
7/11 Chibumagwa -2,25 1,69 -25,91 -0,53 0,16 0,44 0,25 -2,47 
8/11 Lake Chibumagwa 2,19 1,67 87,59 1,82 1,29 1,42 -0,56 4,71 
9/11 Udimaa -2,55 1,61 -72,46 -0,49 0,15 0,22 0,65 -5,44 
10/11 Solya, deep -1,8 1,22 -50,55 -0,79 0,18 0,3 0,36 -4,04 
11/11 Mbwasa 1 -2,56 1,42 -36,11   0,33 -0,03 0,52 -3,16 
13/11 Londoni 1 -2,05 1,26 -34,9   -0,21 0,34 0,35 -3,06 
15/11 Londoni 3 -3,26 1,67 -55,11 -0,44 0,86 -1,25 0,78 -4,4 
16/11 Msemembo -2,17 1,48 -80,4   0,41 -0,11 0,56 -5,93 
17/11 Ivandaa -2,48 1,34 -56,53 -0,79 0,68 -0,4 0,48 -4,43 
18/11 Msakile -1,34 1,31 -14,02 -0,79 0,53 0,5 0,38 -1,76 
19/11 Mwazi -3,28 1,54 -105,13   -0,07 -0,66 0,63 -7,48 
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  Mineral Alstonite Anatase Antigorite Baddeleyite Barite Calcite Chalcedony Chrysotile 
  Formula BaCa(CO3)2 TiO2 Mg48Si34O85(OH)62 ZrO2 BaSO4 CaCo3 SiO2 Mg3Si2O5(OH)4 
Sample Place SI SI SI SI SI SI SI SI 
20/11 Mwazi dam -1,2 0.96 -77,04 0,38 -0,81 0,14 -1,62 -5,45 
21/11 Msakile -2,94 1,57 -88,69   0,24 -0,59 0,45 -6,43 
22/11 Sukamahela Line -5,72 2,94 -148,3 1,76 -0,37 -2,48 0,54 -10,17 
24/11 Sanza -2,27 1,28 -57,33 1,76 0,29 0,26 0,32 -4,46 
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  Mineral Dolomite Fluorapatite Fluorite Gypsum Hydroxylapatite Magnesite Monohydrocalcite Quartz 
  Formula CaMg(CO3)2 Ca5(PO4)3F CaF2 CaSO4:2H2O Ca5(OH)(PO4)3 MgCO3 CaCO3:H2O SiO2 
Sample Place SI SI SI   SI SI SI SI 
1/10 Liwali River 0,7 17,61 0,34 -1,43 6,72 -0,89 -0,86 0,42 
3/10 Chipanga B 1,56 15,77 -0,56 -3,21 4,97 -0,51 -0,46 1,2 
6/10 Nhgulugano River 2,92   0,75 -0,27   0,17 0,25 1,24 
7/10 
Kigwevillage, Railway 
station 2,68   0,21     0,19 -0,02 1,04 
8/10 Kichangani, Kigwe 1,49   -0,06 -2,28   -0,49 -0,54 1,28 
9/10 Kisedetproject, Kigwe -1,78   -0,51 -3,56   -2,15 -2,14 1,02 
10/10 Msembeta 0,03 10,77 -0,63 -3,2 -0,23 -1,27 -1,21 1,19 
11/10  Ibihwavillage, private well 3,66   0,13 -2,48   0,76 0,39 0,95 
14/10 Tanila, Bahi 3,21 16,52 0,37 -1,86 5,87 0,18 0,52 0,84 
15/10 Kibadni -1,53   -0,2 -2,67   -1,96 -2,08 1,06 
16/10 Mpamantwa 0,03   -0,01 -2,65   -1,07 -1,42 1,31 
17/10 Uhelelavillage -1,42   -0,35     -1,94 -1,99 0,59 
19/10 Tambaliza -4,64 6,33 -3,12   -4,3 -3,95 -3,19 1,01 
20/10 Maweni A 1,8 21,9 0,84 -0,56 10,73 -0,31 -0,39 1,24 
21/10 Maweni B -14,94   -27,06     -8,57 -8,87 1,15 
22/10 Chikuyu River 2,74 16,9 0,36   6,34 -0,01 0,25 0,73 
23/10 Mitoo 4 0,95   0,29     -0,97 -0,58 0,97 
24/10 Mitoo 1 0,41   0,29     -1,43 -0,66 0,87 
25/10 Mitoo 2 0,65   0,34     -1,06 -0,79 0,97 
26/10 Kipondoda 0,18   -0,25 -3,34   -1,13 -1,19 1,01 
27/10 Muhalala 2,87   0,14     0,37 0 1,01 
28/10 Solya, shallow -1,49   0     -2,05 -1,93 0,97 
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  Mineral Dolomite Fluorapatite Fluorite Gypsum Hydroxylapatite Magnesite Monohydrocalcite Quartz 
  Formula CaMg(CO3)2 Ca5(PO4)3F CaF2 CaSO4:2H2O Ca5(OH)(PO4)3 MgCO3 CaCO3:H2O SiO2 
Sample Place SI SI SI   SI SI SI SI 
29/10 Hika I -0,13   -0,04     -1,68 -0,94 0,7 
30/10 Hika II -0,15   0,07     -1,73 -0,92 0,75 
31/10 Sukamahela 2,89 17,2 -0,17 -2,66 6,72 0,35 0,04 0,9 
32/10 Bihawana Sec. School 2,76   -0,22 -1,91   0,21 0,05 0,83 
33/10 Bihawana private well 3,27   -0,05 -1,83   0,5 0,27 0,79 
34/10 Mbabala A -6,31 0,95 -5,05   -9,61 -4,32 -4,49 0,92 
35/10 Chidilo 2,29 20,63 0,06   10,13 0,17 -0,37 0,75 
36/10 Mpalanga 2,85   -0,2     0,21 0,15 0,76 
37/10 SukamahelaConvent 2,54   -0,4     0,03 0,01 0,87 
38/10 Kapiti 2,93   -1,5     0,2 0,23 1,05 
40/10 Msule Spring 1,83   -0,41     -0,45 -0,24 0,76 
41/10 Ovada 3,11   -0,03     0,43 0,18 0,93 
42/10 Bwawani 3,42   -0,35     0,73 0,16 1,14 
43/10 Usandawe 3,36 8,12 0,13   -2,7 0,38 0,46 1,05 
44/10 Farkwa 3,29   0,03     0,41 0,41 0,67 
1/11 Mitoo 4 -0,35   -1,99     -1,53 -1,3 0,81 
7/11 Chibumagwa 1,74 12,92 -0,98 -1,58 2,78 -0,29 -0,44 0,51 
8/11 Lake Chibumagwa 4,48   -1,63     1,43   -0,29 
9/11 Udimaa 0,85 10,4 -1,91   0,14 -0,99 -0,63 0,92 
10/11 Solya, deep 0,94   -0,91     -0,99 -0,56 0,63 
11/11 Mbwasa 1 0,86   -1,51     -0,73 -0,89 0,79 
13/11 Londoni 1 1,69   -2,18     -0,28 -0,51 0,62 
15/11 Londoni 3 -1,53   -0,2     -1,96 -2,08 1,06 
16/11 Msemembo 0,78   -0,74     -0,74 -0,96 0,84 
17/11 Ivandaa 0,54   -2,08     -0,68 -1,25 0,75 
18/11 Msakile 1,68   -0,55     -0,45 -0,36 0,65 
42 
 
 
  Mineral Dolomite Fluorapatite Fluorite Gypsum Hydroxylapatite Magnesite Monohydrocalcite Quartz 
  Formula CaMg(CO3)2 Ca5(PO4)3F CaF2 CaSO4:2H2O Ca5(OH)(PO4)3 MgCO3 CaCO3:H2O SiO2 
Sample Place SI SI SI   SI SI SI SI 
19/11 Mwazi -0,49   -1,8     -1,45 -1,51 0,9 
20/11 Mwazi dam 0,89   -1,79 -3,74   -0,88   -1,34 
21/11 Msakile -0,3   -2,41     -1,34 -1,44 0,73 
22/11 Sukamahela Line -3,67   -3,2 -4,03   -2,82   0,81 
24/11 Sanza 1,26   -1,94 -1,35   -0,62   0,59 
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  Mineral Schroekingerite Sepiolite Strontianite Talc Thorianite Witherite Zircon 
  Formula NaCa3UO2(CO3)3SO4F(H2O)10 Mg4Si6O15(OH)2:6H2O SrCO3 Mg3Si4O10(OH)2 ThO2 BaCO3 ZrSiO4 
Sample Place SI SI SI SI SI SI SI 
1/10 Liwali River 37,96 -6,67 -0,21 -1,45   1,85 3,43 
3/10 Chipanga B 34,2 1,63 0,64 4,21   3,32   
6/10 Nhgulugano River 40,08 3 1,31 5,23 4,17 2,19 4,94 
7/10 
Kigwevillage, Railway 
station 38,12 2,61 1,24 5,04 3,71 2,26   
8/10 Kichangani, Kigwe 34,27 6,39 0,7 7,73 3,79 3,25   
9/10 Kisedetproject, Kigwe 30,91 -6,24 -1,36 -1,59 4,62 0,99 4,97 
10/10 Msembeta 33,75 -1,4 -0,28 1,97 5,45 2,49 6,11 
11/10  Ibihwavillage, private well 36,73 4,87 1,46 6,79 3,67 3,4 4,52 
14/10 Tanila, Bahi 38,11 2 1,4 4,7   3,68 3,7 
15/10 Kibadni 32,66 -4,47 -1,26 -0,26 4,17 1,72 4,22 
16/10 Mpamantwa 33,66 -0,8 -0,46 2,33 3,29 2,27 4,26 
17/10 Uhelelavillage 32,43 -7,23 -0,93 -2,11 3,79 1,58   
19/10 Tambaliza 28,03 -13,07 -2,65 -6,68 1,37 -2,41 5,16 
20/10 Maweni A 40,84 3,1 0,43 5,34 -2,41 0,87 4,55 
21/10 Maweni B 1,76 -11,6 -7,29 -5,64 6,39 -3,73 6,13 
22/10 Chikuyu River 37,49 1,58 1,08 4,46 4,16 3,24 3,55 
23/10 Mitoo 4 37,76 -1,46 0,17 2,04   2,26   
24/10 Mitoo 1 37,8 -3,67 0,06 0,43   1,97   
25/10 Mitoo 2 38,08 -2,55 -0,08 1,23   2,17   
26/10 Kipondoda 34,45 -1,66 -0,2 1,88 4,6 2,69 4,96 
27/10 Muhalala 36,24 4,39 0,72 6,41   3,11   
28/10 Solya, shallow 33,34 -5,43 -0,89 -0,92   2,17   
 
44 
 
  Mineral Schroekingerite Sepiolite Strontianite Talc Thorianite Witherite Zircon 
  Formula NaCa3UO2(CO3)3SO4F(H2O)10 Mg4Si6O15(OH)2:6H2O SrCO3 Mg3Si4O10(OH)2 ThO2 BaCO3 ZrSiO4 
Sample Place SI SI SI SI SI SI SI 
29/10 Hika I 34,07 -5,55 -0,19 -0,87   1,68 3,99 
30/10 Hika II 34,36 -5,71 -0,18 -1,03   1,89 3,91 
31/10 Sukamahela 37,13 3,47 1,02 5,79   3,21   
32/10 Bihawana Sec. School 37,97 1,74 1 4,51   2,4   
33/10 Bihawana private well 38,78 2,65 1,12 5,22   1,51   
34/10 Mbabala A 23,24 -16,88 -3,72 -9,49 -2,15 -0,54 4,46 
35/10 Chidilo 36,88 3,92 0,86 6,21   2,44   
36/10 Mpalanga 37,41 2,01 1,14 4,76   2,53   
37/10 SukamahelaConvent 36,59 6,3 0,82 7,93   3,38   
38/10 Kapiti 36,99 4,05 1,05 6,16   2,87   
40/10 Msule Spring 34,42 -1,25 1,31 2,25 3,52 3,14 5,15 
41/10 Ovada 38,13 4,39 0,85 6,47   2,68 4,02 
42/10 Bwawani 36,52 4,68 0,9 6,52   2,94   
43/10 Usandawe 37,2 3,38 1,41 5,59   2,73 4,31 
44/10 Farkwa 38,37 2,74 1,06 5,41   2,99 3,36 
1/11 Mitoo 4 36,22 -6,98 -0,65 -1,94   1,3   
7/11 Chibumagwa 38,25 -3,94 0,13 0,53   1,13 3,39 
8/11 Lake Chibumagwa 35,27 3,03 2,34 6,12 5,34 4,55 5,01 
9/11 Udimaa 38,39 -6,45 0,26 -1,61 2,52 1 3,91 
10/11 Solya, deep 37,4 -5,57 0,56 -0,8 2,78 1,68 3,31 
11/11 Mbwasa 1 36,39 -3,84 -0,16 0,42   1,25   
13/11 Londoni 1 34,48 -4,29 -0,25 0,16   1,38   
15/11 Londoni 3 32,66 -4,47 -1,26 -0,26 4,17 1,71 4,22 
16/11 Msemembo 37,98 -7,4 -0,24 -2,27 2,78 1,71 3,52 
17/11 Ivandaa 34,25 -5,68 -0,42 -0,94   1,7 3,43 
 
45 
 
  Mineral Schroekingerite Sepiolite Strontianite Talc Thorianite Witherite Zircon 
  Formula NaCa3UO2(CO3)3SO4F(H2O)10 Mg4Si6O15(OH)2:6H2O SrCO3 Mg3Si4O10(OH)2 ThO2 BaCO3 ZrSiO4 
Sample Place SI SI SI SI SI SI SI 
18/11 Msakile 37,75 -2,45 0,39 1,53   1,94 3,34 
19/11 Mwazi 36,22 -9,26 -0,79 -3,7   1,16   
20/11 Mwazi dam 33,48 -14,02 -0,13 -6,15   2,44 2,52 
21/11 Msakile 35,92 -8,43 -0,54 -3   1,42   
22/11 Sukamahela Line 29,89 -13,13 -2,59 -6,56 6,09 0,54 6,06 
24/11 Sanza 36,64 -6,24 0,12 -1,28 2,79 1,25 5,84 
  
1 
 
Appendix F Certificate of analysis, Actlabs 
 
2 
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Appendix G PHREEQC input example
1 
 
# Values for pH and temperature are from field measurements. 
# Values for chloride, sulphate, nitrate, phosphate and fluoride are from 
# ion chromatography at UoO 
# Values for the rest of the parameters are from Actlabs, Canada. 
# Schröckingerite are not contained in the database used so it has been added by the use of 
PHASES 
# Database llnl.dat is used 
TITLE Water sample 1/2010 Liwali River, Chikuyu 
 
SOLUTION 1  # a number or a range of numbers. Default: 1. 
pH 7.19          # Default: 7. 
temp 33.4 # Default: 25 degrees celcius 
# Default: mmol/kgw, PHREEQC use this when no unit have been specified 
Na 350 mg/kgw 
K 11.7 mg/kgw 
Ca 93 mg/kgw 
Mg 16.8 mg/kgw 
Cl 11.2 
S 2.09 
N(5) 0.14 
Alkalinity 4.71 
Si 21.3 mg/kgw 
Al 0.006 mg/kgw 
#Fe  mg/kgw 
Mn 1.91 mg/kgw 
Li 0.005 mg/kgw 
P 19.36  mg/kgw 
F 9.76   mg/kgw 
Sc 0.004 mg/kgw 
Ti 0.0028 mg/kgw 
Ni 0.0109 mg/kgw 
Cu 0.0078 mg/kgw 
Zn 0.0174 mg/kgw 
Ga 0.00003 mg/kgw 
2 
 
#Ge 0.00003 mg/kgw 
As 0.00154 mg/kgw 
Se 0.0014 mg/kgw 
Br 2.110 mg/kgw 
Rb 0.0111 mg/kgw 
Sr 0.99 mg/kgw 
Y 0.000029  mg/kgw 
Zr 0.00003 mg/kgw 
Mo 0.0052 mg/kgw 
Ru 0.00001 mg/kgw 
Pd 0.00001 mg/kgw 
Cd 0.00011 mg/kgw 
Sn 0.0001 mg/kgw 
I 0.076 mg/kgw 
Ba 0.42  mg/kgw 
La 0.000007 mg/kgw 
Ce 0.000005 mg/kgw 
Nd 0.000006 mg/kgw 
Sm 0.000002 mg/kgw 
Gd 0.000002 mg/kgw 
Dy 0.000001 mg/kgw 
#Ta 0.000001 mg/kgw 
W 0.00052 mg/kgw 
Re 0.000005 mg/kgw 
Tl 0.00002 mg/kgw 
U 0.0147 mg/kgw 
PHASES 
Schroekingerite         # Used example 1 in A user guide to PHREEQC 
NaCa3UO2(CO3)3SO4F(H2O)10 = Na+ + 3Ca+2 + UO2+2 + 3CO3-2 + SO4-2 + F- 
+ 10H2O 
3 
 
  log_k       -85.5        # Solubility from "Review of uranyl mineral solubility 
                                                               # measurements" Gorman-Lewis et al. 2008 
end 
